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Abstract
Over the past century, attention has been drawn to the importance of building performance.
Evidence suggests that improving building energy efficiency and visual comfort using electrochromic
(EC) building envelopes is a promising direction. Electrochromic glazing is identified as the nextgeneration high-performance glazing material for building envelopes due to its outstanding dynamic
property of light transmittance and thermal conductivity, allowing the buildings to change behaviors
in accordance with external climate conditions. The emerging Internet of Things (IoT) technologies
has shown profound advances in environmental data sensing, communication, and interaction in
recent decades. There is a growing body of research and practices that look into the theoretical and
simulation performance of EC building envelopes at small scales. Few studies have been done to
synthesize the recent advancements in EC materials and building IoT technologies for a systematic
design, integration, and evaluation investigation of IoT-based EC building envelopes. The challenge
still lies in the lack of compatible design and simulation tools, limited understanding of multidisciplinary integration, and a paucity of design-oriented evaluation measures to support the fusion
between the EC building envelopes and IoT technologies.
This project first explores the status quo of existing EC building envelopes with secondary
data analysis of 345 sample EC buildings. The regional differences in EC adoption are presented
and discussed. Three detailed representative EC case studies highlight the challenges architects face
in the design, integration, and evaluation of EC building envelopes. An IoT-based EC prototype
system is developed to demonstrate the feasibility of IoT and EC integration. Functionalities, reliability, interoperability, and scalability are assessed with comparisons of four alternative building
envelopes including the IoT-based EC system. This study also highlights the IoT-based smart building framework that emerged through the development, integration, and evaluation of the IoT-based
EC control strategy in a real-world built environment. Nation-wide evaluations of EC performance
ii

in 16 climate zones are conducted to show regional differences of EC buildings performance in the
U.S. and the trade-off relationships between visual comfort and energy efficiency. Then, a set of
supervised machine learning models are trained and tested with simulation data and multiple time
series climate variables for the prediction of EC behaviors under random weather conditions. The
prediction accuracy results show that the random forest prediction models achieve 91.08% mean accuracy with the 16-climate-zone data set and can serve as the backbone for predictive EC control in
the prototype system. The importance of predictive variables are also measured in each climate zone
to develop a better understanding of the effectiveness of climatic sensors. Additionally, a simulation
study of 72 design alternatives is conducted to show the effect of two major design factors, orientation and window-to-wall ratio, on EC building performance. An instantaneous daylight measure
is developed to calculate the difference between expected daylight performance and actual daylight
performance on different floor plans. This new measure can be used to support active daylighting
design with IoT-based EC building envelopes.
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Chapter 1

Introduction
In the history of global urban development, several energy crises, like in the 1970s and
2000s, have been liable for the contemporaneous social and economic bottlenecks, drawing massive
research attention to building energy efficiency and sustainability. According to the U.S. Energy
Information Administration (EIA), the domestic energy consumption in the building sector is around
1.3 trillion dollars annually, running at 9% of the gross domestic product. The implications of energy
conservation are significant on different societal levels, with a growing global population and various
competing energy needs, such as maintaining livable environmental conditions, and producing other
living resources. A regional electricity shortage is often directly felt in building energy supply, such
as heating, cooling, cooking, and hot water supply. Figure 1.1 shows the annual energy consumption
of 2018 and the predictions of 2050 by EIA. It suggests that energy demand for space cooling in
the United States will continue growing in the next few decades. It was estimated that the total
number of households in the United States will grow by 0.7 percent per year from 2020 to 2050,
while the average floor-area per household will expand from 1,779 square feet in 2018 to 1,978 square
feet in 2050 [7]. While in some other areas of the modern world, particularly in warmer regions of
growing populations, such as Sub-Saharan Africa, people still face great challenges to meet basic
living standards because of sustained energy scarcity, which may become humanitarian crisis during
periods of extreme climate conditions [8]. In the process of climate change, it is hard to ignore the
unsustainable status quo in the building sector. In order to shift to a more sustainable trajectory,
researchers and professionals have been looking for high-performance building materials and more
efficient ways to control our buildings.
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Figure 1.1: Residential Electricity Intensity of the Reference Cases in U.S. [4]

1.1

Background and Motivation
The semantic meaning of sustainability refers to the ability to last over a long period of

time [9]. By general definition, there is a triple bottom concept of sustainability: people, planet,
and economy. To achieve a more sustainable built environment, we need to see through these different
lenses simultaneously and harness the power of integration. When it comes to building sustainability,
a recent survey [10] suggests that over three-quarters of building owners now have started to set
sustainable goals in terms of energy efficiency, user comfort, materials, life cycle, and working in
concert with global sustainable urban development agenda. Over the past decades, there has been a
significant increase in high-performance building research. The key role of building envelope systems
and their impacts on the core issues of building performance have also been intensively investigated.
Building envelopes, by definition, are the exterior layers or shells of a building that protect us from
the volatility of the natural environment [11]. high-performance building envelopes often consist of
compounded layers, including but not limited to the structure layer, glazing layer, cladding layers
and dynamic shading or blinds layers as shown in Figure 1.2. For the past century from 1920 to
2020, massive use of static glazing in buildings has prevailed across the world, and it probably
will continue to last. Behind all these static glazing building envelopes, a number of unresolved
3

Figure 1.2: Layers of Building Envelope System
daylight and energy issues are affecting us physically, psychologically, and economically. The static
glazing in building envelopes causes excessive energy consumption, which poses aggravating climate
consequences and impingement. People have been trying to improve the situation by developing
new high-performance coatings and glazings for building envelope systems. With the advancements
in composite material science, we now have over 4000 types of registered glazing products in the
US [5]. The two key properties related to their performance are: visible light transmittance level
and solar heat coefficient. A total of 4700 samples are presented from current IGDB (v46)1 . In
Figure 1.3, each of the individual dots represents a static glazing product, and their properties are
definite, while the three lines represent dynamic glazing materials and their properties coordination
can change to any place on the line in theory. Controllable dynamic glazing materials show great
potential to solve the visual comfort, thermal comfort and energy efficiency problems mentioned
above. Electrochromic glazing in particular, with its control capabilities, can support active control
of daylight and energy load management. However, like many other new introduced materials
and technologies, the integration of EC in building envelopes remains technically challenging, and
the performance has not been adequately evaluated under different climate conditions. Few research
have synthesized the multidisciplinary advancements and addressed the complexity of the integration
problem itself. Further work is required to investigate all aspects of design, integration and evaluation
of electrochomic building envelopes using both qualitative and quantitative approaches. Therefore
this dissertation research covers all aspects of the design, integration and evaluation of the IoT-based
electrochromic glazing for building visual comfort and energy efficiency.
1 International Glazing Database (IGDB) is published by Lawrence Berkeley National Laboratory. It contains
property data for over 4700 glazing products.
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Figure 1.3: Properties of Static and Dynamic Glazing Materials for Building Envelopes [5] (Tvis:
Visible light transmittance; SHGC: Solar Heat Gain Coefficient.)

1.1.1

Motivation of Building Energy Efficiency
In previous research, Apte et al. [12] have estimated the energy savings for replacing the

current commercial building envelope stock with different glazing materials and technologies as
shown in Figure 1.4. The current commercial building stock is estimated to consume 1.48 Quads
with existing building envelope glazing materials. Improvements can be made by upgrading to
integrated building envelope systems to reduce energy consumption as indicated. The potential
energy offsets brought by high-performance EC building envelope systems are estimated to exceed
1.14 Quads. These estimations are also supported by Konis et al. [5] who compare the energy
consumption in U.S. residential and commercial building sectors using different glazing materials for
building envelopes. Improving building energy efficiency not only brings direct economic benefits but
also reduces the building carbon footprint. It takes about thirty percent of the total US greenhouse
gas emissions to power the current building sector in the U.S. [13]. And there have been a steady
5.5 percent direct and 15.4 percent indirect increasing trends in the total amount of greenhouse gas
emissions in 2018 [14]. Researchers have proved the importance of this building envelope topic for
the architecture discipline and have led a proliferation of studies to address challenges in the path
towards integration of energy efficient building envelope materials and technologies.
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Figure 1.4: Energy Impacts of Different Glazing Materials for Building Envelopes (Horizontal axis
is the annual energy consumption in Quads)

1.1.2

Motivation of Human Health and Comfort
Natural daylight is one of the most influential elements related to human health and visual

comfort. Various dynamic glazing and shading devices have been created to control the amount
and quality daylight inside buildings, mostly relying on users’ manual operations. The relationship
between the daylight conditions in buildings and human comfort has received increasing attention
across typical boundaries of disciplines in recent years. Research evidence suggests that the biophilia
connection through windows with outdoor views has positive health, learning and productivity effects
as shown in Figure 1.5.
Over the past three decades, the relationships between building envelopes design and human

Figure 1.5: Health and Comfort Benefits of Natural Daylight Provided by Windows [6]
behaviors and health outcomes have been investigated extensively:
• Patients in rooms with an outside view through windows show 8.5 percent shorter hospital
stay.
• Natural daylight helps patients in psychiatric inpatient units recover from depression.
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• Natural daylight and views boost the productivity by 18 percent in the working place.
• Natural daylight in the classroom improves the students’ visual ability and academic performance.
• Window views with biophilic design restore the students cognitive abilities and sustain attention.

Figure 1.6: Visual Comfort and Energy Problems Caused by Weather Condition and Ineffective
Building Envelope Design

On the other side of the coin, windows and glazing building envelopes may have some negative
impact on human health and comfort if the effects of views, circadian pattern, and glare are not
controlled properly. There are serious limitations for static glazing building envelopes to address the
visual comfort and glare problems as shown in Figure 1.6. The red areas highlight several real-world
visual comfort and energy issues caused by ineffective static building envelope design. The challenge
with static glazing and manual control shading devices is the fact that they are not satisfactory long
7

term solutions for active daylight and solar heat gain control. Static building envelopes do not have
the capability to respond to changing environmental conditions automatically and intelligently to
meet visual comfort requirements.

1.2

Theoretical Framework

Figure 1.7: Key Concepts, Dimensions, Operational Definitions and Measures in the Theoretical
Framework

The theoretical framework of this study is based on performance-based design [15] and testdriven development theory [16]. The essential concepts of building performance, including energy
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efficiency, visual comfort, smart control of dynamic EC behaviors are to be defined within the
theoretical framework. Figure 1.7 illustrates the key concepts, dimensions, operational definitions
and measures in the theoretical framework.

1.2.1

Performance-based Design Theory
Performance-based design (PBD) is one of

the most relevant design theories to this complex dynamic building envelope system research, it is also
part of the larger movement of evidence-based design
[17]. Oxman et al. [15] define performance-based design as a synthesis of the two essential formative and
evaluative process of digital design, which emphasizes
the unfinished design will be continuously evaluated
and iterated. A simplified PBD procedure is demonstrated in Figure 1.8:
Performance-base design theory emphasizes the measurable or predictable performance that buildings
can provide [18], such as energy efficiency or daylight
performance, while PBD does not prescribe any specific methods by which to meet those requirements.
This performance design theory provides the flexibility to re-use or develop right tools and methods
to conceptualize and design building environmental
systems. In particular, systematic evaluations of the
performance for using advanced technologies and materials for building envelopes is essential for high-

Figure 1.8:
Framework

Performance-Based

Design

performance building design. In the PBD process,
evaluations can be done by using various methods, from simulation, calculation, to sensor measurements. Tools and methods are selected based on the performance criteria. There are considerable
amounts of specialized software providing technical evaluation in-depth analysis. Validations of
these tools require major efforts by researchers in building performance areas. Validated methods
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and tools can provide comprehensive data analysis in relation to different building performances and
include metrics that can easily be measured with or without lab-type instruments. Evaluations are
supposed to be an integral part of built environmental system management, design, construction, and
commissioning. Evaluations of performance-based design should be performed in a iterative manner,
since there are various problems that may result in modifications of the design, and therefore should
be re-evaluated. The performance evaluation is concerned with what a built environmental system
is required to do without prescribing detailed implementation. In other words, the system design
depends on the goals of research and varies in scale and complexity of the project. The core of
PBD theory is that the designers or developers really know and understand why and what they
require and that they can express clearly their performance expectations. It is also important that
all stakeholders of the project are actively involved, informed and able to understand and choose
the best way for their interest, whether it is a prototype or a complex project. Requirement analysis
will be the key to improve the system performance as we learn to be more explicit in our demands to
orient the integration and operation process of dynamic building envelope systems. In 2008, Becker
et al. [19] improve the original performance-based design theory by updating its explanations in
compliance of the international green building codes with the following main steps:
• formulating or describing features of the built environmental system as user stories, both
functional and non-functional requirements;
• transforming the features and requirements identified into object-oriented system modules with
quantitative performance criteria;
• using reliable design and evaluation tools to assess whether proposed solutions meet the stated
performance criteria.

1.2.2

Test-Driven Development Theory
Test-driven development (TDD) is a software and hardware development process that relies

on multiple short development cycles within which pre-defined system requirements are turned into
very specific test cases, then each component of the system is implemented so that the tests pass
specific criteria. According to Kent Beck, who is known for having developed and epitomized the
TDD theory suggests that TDD encourages design explorations and inspires innovative integration
with new materials and technologies [20]. The essential principle for test based development is to
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first build a prototype system to run, and upgrade later. It is important to design and test to allow
the designer and developer to focus only on what is important and possibly change later to adapt
real-world scenarios. Premature optimization can be the root of all evils. An effective layout of a
TDD implementation ensures all required actions are completed, improves the readability of the test
case, and smooths the flow of execution. Consistent structure helps in building a self-demonstrating
prototype. A commonly applied structure for test cases has:
• Architecture Setup three layers of test-driven implementation cases for each function units,
integration relations and the overall prototype systems in the state needed to run the test.
• Prototype Implement each component of a prototype system to create a feasible solution for
data collection and testing functions.
• Demonstration Conduct demonstration and automatic control testing using the prototype
system. Document and analyze execution outputs and state changes of the prototype.
• Iteration Refine the prototype design and implementation. The iteration and re-design permit
future development and tests of IoT-based EC System.

Figure 1.9: Test-driven Implementations Framework
Based on the strong theoretical framework of test driven development, an IoT-based EC prototype
system is implemented in an efficient and consistent way as shown in Fiure 1.9, which lays the
groundwork for future investigation into the real-world IoT-based EC building envelope applications.
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1.3

Research Scope
A natural progression of high-performance building envelope research is to combine Internet

of Things technology with electrochromic glazing as a sustainable and smart building envelope system for improving building energy efficiency and visual comfort. If we can use controllable dynamic
glazing materials and IoT technologies to make the building envelope systems work responsively to
meet users’ needs, whether physical or psychological, we can create better human-centered building
experiences and save fractions of energy consumption for unnecessary end use including artificial
lighting, ventilation, and temperature control. IoT-based EC building envelope systems relate to
several multidisciplinary areas, including architecture, environmental systems, and operational optimization. The ability to measure, evaluate, and control environmental conditions inside and outside
the building is a crucial part of developing effective dynamic building envelope systems. In this context, continuous sensing, automatic control and optimization of dynamic building envelope systems
should be examined in a synergistic manner. Sensors generate data that could be used as real time
input for EC control strategies. IoT-based cloud services also support user-defined interactions to
meet their specific visual comfort needs. Drawing on an extensive range of existing EC and building
IoT research, the author sets out to investigate what are the challenges in the current design, integration and evaluation of IoT-based EC building envelope systems. Given a lot of disciplinary-specific
advancements with EC glazing material itself, few research works have been done to show how the
advancements can translate into successful building integration under various climate conditions.
For example, in cooling dominant areas or summer season, the EC building envelope system needs
to know the covering area and intensity of daylight in the space to make decisions about whether
it should tint to reduce that incoming solar radiation. Other issues can arise when the temperature
is low in winter and solar zenith angle is small, building up extra glare in the space. With that
in mind, it is vital that sensors and IoT technologies can provide us real time environmental data
and control the transmittance of EC glazing on demand. Therefore, this research focuses on design,
integration and evaluation of electrochromic glazing for visual comfort and energy efficiency. The
author aims to cover all these aspects of an IoT-based EC building envelope system to see where it
fits, how it can be implemented and optimized for maximum potential.
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1.4

Research Goals
In general, this research aims to investigate IoT-EC application framework, involving design,

integration and evaluation. Most studies of EC building envelopes up to now have been carried out
with simulated scenarios, for instance, Hamidpour [21] and Fernandes [22] proposed different EC
control strategies based on simulation data for specific climate conditions. However, the simulation
studies of EC buildings are not always adequate for real-world applications. The lack of feasible
integration design, prototype implementation, reliable instruments and climate adaption analysis is
particularly problematic for the applied research of dynamic building envelope systems. Therefore,
this research is designed to be a step further toward integrating IoT technologies and EC in a
prototype system. This research seeks both qualitative and quantitative understandings of the IoTbased EC building envelope behaviors to established connections between theories and applications.
The study is carried out through four phases, and the specific goals are listed as follows:
1. Identify the paradigm shift, applicable buildings, and unsolved problems for integrating EC in
building envelopes based on literature review and case studies.
2. Demonstrate the design and implementation process of an IoT-based EC prototype system.
3. Develop a simulation workflow for evaluations of EC building performance for a nation-wide
typical meteorological year (TMY3) weather data set, and analyze spatial patterns of simulated
EC and the energy-comfort trade-off problem.
4. Test predictive machine learning models through different climate zones, comparing prediction
accuracy of different machine learning models, and analyze the relationships between EC
performance and key climate features.
5. Explore IoT-based EC strategies to generate synergistic daylight distributions on floor plans.
The final goal of this work is to motivate architects, system engineers and users to take advantage
of the powerful IoT technologies, not only for EC but also other building environmental systems for
improving energy and user comfort performances. The design, integration and evaluation will offer
architects, sustainable professionals, and researchers a wide range of references in decision-makings
for IoT and EC integration in high-performance buildings. The explanation of how the design and
implementation decisions are made will in itself be useful for future works of dynamic building
envelope projects.
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Figure 1.10: Systematic Research of IoT based EC Building Envelope Systems

1.5

Research Design
Due to the complex nature of dynamic building envelope research, this project has been

formulated as a multi-phase, interdisciplinary research with four interconnected topics as shown in
Figure 1.10. A wide range of methodological approaches are used to solve different problems: identify
problems, demonstrate solutions and evaluate performance. The encompassing research design and
mixed methods are particularly common and useful in building technology research areas. Based on
both theoretical and empirical analysis, the best methods for each research question are described
as follows:
• Case Study provides qualitative content analysis. Case studies have been the starting point
of many architectural research project. It can also serve as a link or reference which can help
describe the state of the art in building technologies and practice with ease. The building
identified and analyzed as our case study samples should be representative references for our
research project. However, the main purpose is to research and understand the materials,
technologies and strategies that architects have been using while designing those projects and
14

how they worked in real-world scenarios, and the research goal is to learn from the successes
as well as from the mistakes while identify the key design and integration challenges for using
EC glazing in buildings.
• Prototyping is a formative research method used to explore, examine, and demonstrate feasible
IoT-EC integration solutions.
• Simulation is an effective research tool with which researchers can study and analyze generalized scenarios by creating a virtual world. It may be achieved by minimizing scale in the
real-world, or may be digitally created by software. The simulation study provides us sufficient
quantitative data from two critical perspectives: energy and light.
• Machine learning models are tested for prediction accuracy.
For the purpose of increasing internal and construct validity , we added a comparison unit in both
the simulation and prototype projects. The comparative interrupted time-series design [23] are used
in the simulation and IoT measurements of the dependent and independent variables, when the
daylight behaviors is evaluated at the same time points in two comparison units.

1.6

Research Questions
As previously stated, the main purpose of this dissertation research is to better understand

the design, integration, and evaluation of IoT-based EC building envelopes. Considering the issues
mentioned earlier, the main research questions and methods of this study are structured as the
following Table 1.1:

1.7

Dissertation Structure
This dissertation consists of eight chapters as shown in Figure 1.11. Commencing each chap-

ter, the design of the corresponding project is explained, including methodological and technological
methods for data collection and data analysis. Then the results are presented and discussed, and a
conclusion is given to answer the corresponding research questions.
1. The first chapter provides context information and introduction of the research scope, design
and questions. The theoretical framework and methodological approaches of the study are
15

Table 1.1: Research Questions and Research Methods
Research Question

Research Methods
Available-data searching,

Q1. What are the current challenges

procurement and evaluation

of using electrochromic glazing for

Content analysis

high-performance building envelopes?

Representative case study

Prototyping as a formative
research method; Proof

Q2. How to integrate IoT technology

of concept demonstration;

and EC in building envelopes?

Comparative assessment of
building envelope systems

Simulation workflow for

Q3. How does climate affect

evaluating EC building

visual comfort and energy efficiency
of EC buildings in the U.S. and what are
the trade-offs between the two performances?

performance in 16 climate zones
Climate-specific trade-off
analysis

Q4. How does climate variables affect

Selection, analysis and adjustment

prediction accuracy of machine learning

of climate and time series variables

models for predictive EC control

Systematic use of machine learning

under random weather conditions?

algorithms and statistical models

Q5. How to use IoT-based EC to support
active daylight control on targeted surfaces?

Parametric Design to generate
test EC building models
Simulations and evaluations;
Development of instantaneous
daylight measure
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explained in detail.
2. The second chapter reviews building environmental control theories, IoT technology and smart
buildings research, EC research under the topics of energy-related building performance and
visual comfort. Related literature, especially those within 20 years, are examined from three
different aspects. The methodological aspect including the tools and models; the evaluation
aspect including metrics and indicators, and the outcomes and conclusions.
3. The third chapter presents secondary data analysis of 345 existing EC buildings and three detailed representative case studies. The study seeks to examine both the architects’ experiences
with EC and feedback from users to identify the research gaps.
4. The fourth chapter presents an IoT-based EC prototype system. The proof-of-concept prototype and demonstration address the integration challenges by identifying methods applicable
to real-world implementation.
5. The fifth chapter begins with a nation-wide simulation with weather files from 51 cities in 16
climate zones. The simulation results are used to evaluate how effective IoT-based EC can be
at different locations and if there are spatial patterns based on the national map.
6. In the sixth chapter, the simulation data gained from previous study is used for training and
testing machine learning models for predictive control of IoT-based EC.
7. The seventh chapter develops an evaluation measure which can be used in the IoT-based EC
building envelope system to improve horizontal daylight performance on floor plans.
8. The conclusion chapter summarizes highlights of the findings and limitations of the study.
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Figure 1.11: Schematic Diagram of the Dissertation Structure
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Chapter 2

Literature Review
This chapter examines the literature related to smart and sustainable EC building envelopes.
Topics, including electrochromic materials, IoT technologies and machine learning, visual comfort
and energy efficiency are discussed. The goal is to analyze the high quality literature and cuttingedge technologies that can be used as the basis of the research. Different from a chronicle of building
envelope research publications, precedent studies and technology developments are connected to establish and extend the relationships between science and technology graphs in terms of EC building’s
design, integration and evaluation. This chapter is divided into five sections.
The first section provides a general overview of building environmental control research and highlight
evidence and references for the synergistic relationship between technologies and building evolution.
Innovations in the field of high-performance glazing materials and sensor technologies pave the way
to the emerging IoT-based smart building envelope research. The second section reviews studies
that investigate how IoT technologies play a pivotal role in the human-building-environment interactions. The architecture design, critical technologies and models of the IoT systems in context of
buildings and environment are examined to provide the basis for subsequent research of EC-IoT
integration. The third section focuses on predictive models of smart buildings which require higher
levels of control intelligence. The critical parameters, control logic, and their relationships with
performance objectives, accuracy requirements and compatibility with existing context conditions
are highlighted. The methodologies, tools, and metrics for implementing smart building control
strategies are reviewed. The fourth section reviews the theoretical frameworks of EC building envelope studies and the evaluation metrics in terms of visual comfort and energy efficiency. The
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experimental or simulation models are summarized and corresponding input and output variables
are identified to specify the advances and limitations in the existing literature. The fifth and final
section summarizes the key findings and gaps in the literature. Main topics, emerging trends, critical factors, and metrics are discussed for future EC building envelope research. Figure 2.1 shows
a thumbnail visualization of the Literature repository. A center literature index node branches to
several sub-node topics, which connect to growing collections of relevant papers and books.

Figure 2.1: Thumbnail Preview of the Literature Review Map

2.1

From Environmental Control To Smart Buildings
Research [24] shows that people spend 90% of our life inside buildings, and buildings are

responsible for two-thirds of all energy consumption, surpassing transportation as the largest user
of all energy sectors. Building performance matters in very profound ways. And now we are at the
crossroads where smart materials, sensor technologies, and data science have started to transform
20

how we design, how we build, operate, and experience buildings. Modern buildings have many
different systems which consist of numerous interconnected subsystems for processing various tasks.
From a macroscopic perspective, evidence and references can be found in the literature that a number
of the most significant technological inventions have shaped the forms, structures, envelopes, and
performance of modern buildings.

2.1.1

Evolution of Building Technologies
By looking at the evolution of modern architecture, there has been a lot of innovative tech-

nologies in the history of buildings. Those are innovations that transformed the built environment,
industry and opportunities, and how we think about building design and operations. The building
envelope systems have powerful impacts on human visual comfort [25], thermal comfort [26] [27] and
building energy consumption [11]. Building Envelopes, especially the glazing parts, determine the
quality of daylight and insulation, which are primary indicators of high-performance and sustainable
standards [28]. New design and operational performance requirements, such as climate adaptation,
smart control, and systematic interoperability are also gaining attention. high-performance building
envelope research is multifaceted and exceedingly complicated, attracting architects and researchers
from different backgrounds and professions to work on the challenges [29]. During modern and
early post-modern eras of architecture, the windows and glazing systems for building envelopes are
dominated by static materials [30] [31]. With an increasing number of phase-changing materials
and technologies, high-performance building envelope research has also evolved from static design
problems to dynamic operational problems [26]. For the first decade of the 21st century, reseachers [32] focus on quantifying the benefits of well insulated building envelopes. The approach to
evaluate the energy efficiency of building envelope design options is to develop energy simulation
models with softwares, such as EnergyPlus® for specific baseline building and weather file [33]. In
2015, an important study was conducted by Long [34]. to investigate all possible static opaque wall
materials based on their energy performance of a standard room. Later that year, the research team
of Ascione et al. [35] provides a unique technique for multi-objective optimization of the building
envelope and its coatings to adapt to temperate climate areas where the energy consumption for
heating and cooling is balanced. With regards to different types and forms of building envelopes,
Li et al. [36] present an example multi-story residential building, and high-rise office buildings, Raji
et al. as another example [37], aim to find energy-saving solutions for the envelope design. Up to
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Table 2.1: Impacts of Inventions and Technologies in Modern Architecture History
Time Period

Accredit Person or Entities

System and Function

Impacts of Inventions and Technologies
The invention of a safety mechanism elevator,
which transformed buildings’ spatial organization,
structures, materials and forms. It allow us to go

1850s

Elisha Otis

Vertical Transportation

(Otis Elevator Company)

System in Buildings

vertically up much higher. It changed everything
about tall building design and construction. Steals
are used to replace brick and stone for the strength
to weight ratio which also give more flexibility to
the design of building envelopes over time

Invention of the thermostat by Warren Johnson,
which marked the beginning of building
temperature regulation as we know it today.
1880s

Warren Seymour Johnson

Thermal Comfort

So for the first time in history, buildings got

(Johnson Controls)

Ventilation System

the temperature taken and we could really know
how people feel in terms of thermal comfort
inside of a building and adjust the ventilation
systems accordingly.

Invention of humidifier by Willes Carrier,
which direct warm moist air run through pipes where
1900s

Willis Haviland Carrier
(Buffalo Forge Company)

water droplets reduce the temperature and extract the
Air Conditioning System

water vapour which were more similar to modern air
conditioning systems. With better respiratory systems
and lungs for the buildings, now occupants are able
to get high quality air and comfortable environments.

Invention of digital controls, which enable us to actuate
Heating, Ventilating, and
1980s

Australian Business Midac

Air Conditioning System
(HVAC)

and change settings across many building systems. They
were like the basic nervous system which were still far
from intelligent. Each building system runs on its own
protocols and language, and were not adequate to
support context awareness or interoperability.

Invention of internet, which enable us to send signals,

Vinton Cerf & Bob Kahn
1960s

(accredited for inventing
the Internet

over long distances, for instance across buildings and
Communication System

across campuses. Digital control systems which were
equipped with internet connectivity started to

communication protocols)

communicate across a network of devices.

Invention of IoT technologies and protocols, which allow
different facilities and systems to communicate through
2010s

Kevin Ashton

IoT Sensing Technology

common languages, and get data to flow between these

(Auto-ID Center, MIT)

and Automation Systems

systems. The connections among humans, buildings and
nature environment are strengthened via sensing
technologies
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then, building envelope studies mainly focus on passive design strategies. Hachem-Vermette [38]
presented a comparison of three building envelope design concepts for multistory residential complexes that combine better energy performance with integrated passive and active energy systems
(photovoltaic). In 2019, Shin et al.[39] published the findings of a measured-data-based study of the
pilot net zero energy building (NZEB) prototype envelope system in Texas.
From 2020, more and more high-performance materials and technologies are studied for integrated
applications in building envelope systems. In 2020, the book Solar Buildings and Neighborhoods
was published by Hachem-Vermette et al. where they presented a selection of cutting-edge highperformance building envelope systems [40]. Descriptions of evidence-based technology solutions of
high-performance building envelopes are provided to assist architects and engineers in increasing a
building’s capacity to work passively and actively with solar energy. The gravitational attraction
between advanced building materials and technologies have become more common in the field of
building envelope research in the 2020s. Su et al. [41] and Wang et al. [42] each proposed an integrated building envelope system with thermo-electric cooler and radiative sky cooler, not just for the
reduction of solar heat gain but also for space cooling. At the same time, the building performance
evaluation metrics become more comprehensive, covering various aspects and phases of the building
projects. A life-cycle cost (LCC) informed co-design framework for building envelope systems was
first presented by Shen et al. [43] in 2021, which considers the energy efficiency and natural hazard
performance holistically. Other influential high-performance building envelope research works include Shawkat et al. [44]. By integrating eight passive cooling technologies, their building envelope
results in 41% annual energy consumption reduction, 66% improvement of thermal performance,
and 41% CO2 production reduction in a high standard housing project in Egypt.

2.2

Building Internet of Things
Driven by the availability of low-cost embedded sensing and networking devices, modern

buildings are being integrated with a variety of networked sensors and equipment for centralized
operation and management. Technological innovations of Internet of Things (IoT) have led to connected lights, power meters, occupancy sensors, responsive facade and electrical appliances that
are capable of interfacing with the underlying supervisory control and data acquisition (SCADA)
systems used in building automation. These technological improvements hold the promise of signif-
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icant improvements in energy efficiency and user comfort for our sustainable goals. From a macro
perspective, there is a global transformation going on in building IoT innovations and in the way
we design, build and evaluate in buildings of the future. In 2018, CISCO Data Center claimed
that the number of electronic devices connected to the internet had exceeded the number of the
whole population on earth, reaching about 25 billion currently [45]. The paradigm shifts caused by
technological leaps are sometimes known as “industrial revolutions”. The first and second industry
revolutions in seventeenth and eighteenth centuries, namely the new energy resources and machinery
revolutions, dramatically improved production efficiency. With the rise of electronics and computers, the third industry revolution in the twentieth century increase the efficiency of communication
and calculation, lifting the burden of tedious computation so that first generation automations with
programmable logic controllers were invented [46]. It has been noticed that the fourth revolution
is unfolding since the beginning of the new millennium with the prevail of the ubiquitous Internet
connection and sensing technologies. The digitization and automation of legacy physical systems
enables people to monitor, control and optimize the building performance. Due to the convergence
of multiple digital technologies, commodity sensors, wireless network, smart materials, embedded
systems and big data analyzing, the concept of ”Internet of Things” has changed the traditional way
of design building and operation towards more integrated applications of building innovation and
technology [47]. When we talk about building IoT technologies, we focus on connecting the different
devices and systems in buildings, making it easy to access data, getting it into the cloud for sharing,
and then enabling active interactions among humans, buildings and environment, which we did not
do very well in the past, such as efficient management, automatic building operations, sustainability management, tenants engagement, or automating repetitive reporting tasks that managers do
for regulation compliance [48]. In order to build smart and sustainable IoT systems for our living
environment, the first step is to know how to get and use the data generated by the occupants,
buildings and nature, and sensors are what really enables buildings to be truly intelligent. We can
not have an intelligent building if every device or system only does its own thing in vacuum which
also leads to massive inefficiencies. So the second step is how do we connect the dots across all these
disparate building environmental systems and get the data in a cloud in a way that we can apply
software innovations to create new services and improve the occupants’ experiences in buildings. We
are currently in the process of developing interconnected infrastructure that will allow intelligent
devices to work together in buildings. A real open building IoT system is based upon decades of
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technological progress. Standing on the shoulders of giants, it comes down to the point When we
can advance building IoT research with huge amounts of data.

2.2.1

Definition of Building IoT
In general definition, the ability of smart objects to stay connected to the internet for the

purpose of transmitting and receiving data was called the Internet of things (IoT) [49]. IoT was defined as intangible networks consist of physical devices, appliances and users. IoT support data flows
through the internet with designed goals like real time interaction, remote control and information
sharing [50]. As the urban environmental systems in our modern cities become unprecedentedly complex, and in many cases form a nested hierarchy up to the regional level, traditional manual control
strategies can hardly be optimized without the use of IoT technologies [51]. The ecosystem based on
IoT could reach far beyond common mobile devices today, significant research and industrial works
are also being conducted in building environmental sectors, including energy management systems,
monitoring and access management systems, guidance and experience system in both residential
and commercial buildings, as well as smart classrooms, smart hospitals, up to smart cities. In 2015,
Ghayvat et al. developed a smart building system and implemented it in various home settings to
monitor the activity of an inhabitant for wellness detection [52]. Kodali et al. investigated the IoT
based home security and automation systems which send alerts to the owner and control electrical
appliances in the house [53]. Shih et al. presented an systematic overview for building applications of Internet of Things (IoT) technologies under five topics (hardware, analytical model, fault
detection, data protection, and virtual environment) [54]. Inspired by the concept of ubiquitous
computing, Pan et al. propose an IoT framework for building energy control. A proof-of-concept
IoT network and control system prototypes were created, and real-world experiments were conducted
to illustrate the efficacy of the framework [55]. Rathore et al. presented an IoT-based Smart City
model using Hadoop® ecosystem. The constructed model is assessed in terms of scalability and
real-time data processing efficiency by processing data harvested from real-world smart systems and
IoT devices [56]. From a human-center design perspective, Feng et al. proposed to investigate the
smart home scenario where the Internet of Things(IoT) and cognitive system were integrated to
facilitate interactions between occupants and the building environment [57]. In 2017, Malche et al.
described FLIP-based architecture for implementing building IoT enabled Smart Home [58]. Iqbal
et al. also proposed a generic architecture scheme for controlling electronic appliances using the
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proposed Electronic Device Sleep Scheduling Algorithm (EDSA) to reduce the energy consumption
[59]. Froiz-Mı́guez et al. present a distributed fog computing Home Automation System (HAS)
that supports seamless communications of in-house devices using ZigBee and WiFi protocols [60].
The term ”Building IoT” is not coined to contrast with mechanical building control systems, but to
emphasize the technological paradigm for interconnected building intelligent environmental systems.
The general IoT architecture describes the system model and guides the development and implementation of various subsystems, including hardware, software and services to solve some real-world
problems [61]. There has been a number of IoT architectures created as reference models in recent
years by developers from system engineering perspectives, but no particular architecture has been
identified as a guiding framework in IoT based building envelope systems. From the systematic literature review, the service-oriented architecture (SOA) [62] of IoT systems and supporting theories
highlight the provision of application and lay a solid foundation for this interdisciplinary research.
This dissertation project enriches the multi-layer IoT architecture introduced by Minoli et al. [48]
and highlights the key concepts in a general IoT architecture.
• Connected Devices Layer
this layer can encompass a universe of “things” with connectivity capacity. Home appliance,
building environmental system, facility machinery and so on.
• Data Aquisition Layer
gives the IoT project the capabilities to sense and collect the endpoints’ information which
may include natural physical data, devices’ status, location and so on.
• Local Networking Layer
also known as ”fog networking” where IoT devices are linked by hardware based protocols in
clients’ system virtual environment.
• Data Aggregation and Centralization Layer
where data handling, protocol standards conversion and cloud services occur in the tier of
network infrastructure.
• Data Analysis Layer
where data are processed and stored for statistical analysis, visualization and supporting decision making.
26

• Application Layer
where the applications or use cases are described with their social and physical context. Before
an IoT program is started, the most important work is to find out what the IoT program is
supposed to do and then decide what to build.

2.2.2

Sensors in Buildings
Sensors are devices that measure changes in input energy and output equivalent changes

in another or the same kind of energy for quantitative evaluation [63]. Typically, sensing processes are either physical or chemical.

Sensors in buildings can create or receive six types of

signals: thermal, mechanical, electrical, radiant, magnetic, and chemical [64]. In our research
project, we will mainly discuss light and temperature sensors for their performance. The major
performance metrics regarding to IoT sensors in the built environment are sensitivity, selectivity,
response time, stability, fabrication cost and energy consumption. Sensitivity is the top priority while selecting sensors as it directly affects the input and output variables. Selectivity is the
property of the light sensor that determines if the sensor can react to a particular spectrum of
light. Response Time is the time needed by the sensing unit to respond to a stimulus and modify the output from zero to a certain value. Another important attribute of sensors is stability,
which counterbalance the effects of disturbances and attains an equilibrium state [65]. The light
detectors we use in this project are photoelectric sensors that function between the ultraviolet and
far infrared spectrum. The photo-conductive material of a light sensor generates an electric response which then produces an electric signal when photons are absorbed from the environment.
Their sensitivity relies on the photo-electric effect of semiconductor materials (a crystalline lattice) which requires a certain concentration of
photon energy per unit area. The energy of a single photon is stated as
E = hv where v is the frequency of light, and h is Planck’s constant(H =
6.626 ∗ 10−34 Js). Photoelectric effect is shown as hv = ϕ + Km where
ϕ represents the work function of photon energy. Km is the maximum
kinetic energy of the electron when it exits the surface. the photon transfers its energy to an electron and therefore the electron becomes mobile.
The whole process results in a detectable electric current. The schematic
design of a photoelectric sensor is shown in Figure 2.2. The PIN port
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Figure 2.2: Schematic of
a photoelectric sensor

detects the variation of voltage when the photoelectric sensor Q1 absorbs
energy of environmental photons within its effective wavelength. For temperature measurements,
many passive or active thermal sensors are available, including: thermocouple, resistive temperature
sensor, and thermistor. Key attributes to consider for our project include power, accuracy, effective
temperature range, and complexity of management packages. The product we use in our project is
Adafruit Thermocouple Sensor w/MAX31855K which is a digital temperature sensor, effective for a
temperature range of −200 to +1350 °C with ±0.25 °C precision. The temperature sensor works with
a single data line for bidirectional communication with a microprocessor. For a large space sensing
task, The unique 64-bit serial code design of w/MAX31855K allows multiple units to function on the
same Wire bus simultaneously. This feature is beneficial for environmental temperature monitoring
inside buildings. The sensor devices and their network obtain critical information from the built
environment which can be used for informed decision making and automatic operations of dynamic
building envelope systems. For example, none of the EC windows really quite worked the way they
were supposed to until we have data to optimize them. So to make context-aware and responsive
building envelopes work, we need sensor data. This section emphasizes the importance of sensor
technologies and how it enables reliable sensing services over time. We are sitting on this tipping
point of building industry where there are many major transitions from manual to digital occurring
across the different sectors of our society. There are a lot of researchers and companies working
to enable ubiquitous sensing and monitoring for the occupants and building owners, whereas most
people still struggle with manual workflows to get data and often times human users end up being
the sensors point before they have access to building IoT technologies [66].

2.2.3

IoT Networks
Another challenge that we are facing in smart and sustainable building envelope research is

the fact that human-building-environment interactions are really complex. With heterogeneous data
generated from building information model (BIM), simulation, analog or digital sensing systems, the
real meaningful information and services often become inaccessible because of complexity. The key is
to develop networks which allow the interoperability and free-flows of the data for complex building
systems. IoT networks are created to allow various devices to communicate in a structured manner.
By understanding IoT networks, we can understand how data travels from one end to another,
engaging the users, building envelopes and the natural environment in meaningful ways. For instance,
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the real time weather conditions and the energy price change over time. Tenants and building
owners may have different priorities for building operations. It is critical to leverage energy saving
which matters to the building owners and occupants’ visual and thermal comfort against weather
interference. IoT networks enable simultaneous data transmission to monitor weather conditions
and energy cost required for optimum control of EC. When we talk about internet of things for EC
building envelope systems, the things includes the sun, the building envelopes and people etc. So
a real IoT based EC building envelope system gets to connect all the way down to the people that
make operational decisions and to the light sensors that capture weather data and feed the data
to controllers of dynamic building envelopes. The challenge is that most of the building envelope
systems are in a static isolated state [67], and they were not designed to be connected to each
other or to the internet. We have a lot of legacy building stock which did not have these network
features built in the building envelope systems. There are three types of data communication issues
found in building IoT system research [68][69][70]: lack of universal network protocols, trade-off
between bands and range for physical environment networking, and privacy/security concerns about
ubiquitous IoT systems. IoT networks can be viewed as a web of information channels supported
by communication technologies and protocols. More specifically, there are three typical functionoriented hierarchical parts in building IoT networks [71]: the telecommunication network that would
provide Internet access to central server devices [72]; the local communication network to connect
nearby devices; and the Internet serves as the core network, providing the essential structure for IoT
[73].

2.2.4

IoT-Enabled Building Services
People spend a lot of time in buildings and trying to control indoor environmental condi-

tions, such as air and daylight through the building envelope systems. However for a long time, the
building control strategies have been passive and inefficient. Now with IoT technologies, the built
environmental system can be made to operate automatically to meet user-defined design requirements and actively respond to natural influences. The automation of built environmental systems
to perform according to the design requirements and optimize within subjected restrictions is often
categorised as intelligent building automation system [74]. IoT based intelligence system responds
to the environmental stimuli sensed by monitoring system and provides users with various information and services, including visualization, analysis and control. In the recent decades, IoT based
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environmental research activities has emerged as a digital transformation in many areas of building
science and technology. At the beginning, building IoT research projects were mostly related to
management of assets and energy resources. Recent development of smart building envelope materials has driven innovations for human-environmental interactions. The cyber-physical integration
of smart buildings are dependent on sensors embedded IoT infrastructure. IoT technologies are enabling transformation of traditional building environmental systems. It has been envisaged that the
IoT-based built environmental eco-system could have significant impacts on the next generation of
sustainable architecture design, encompassing the whole building life-cycle. The convergence of IoT
technologies and dynamic glazing applications is expected to enhance building sustainability and
intelligence. There are a number of experimental research works of home monitoring and control
automation around the world, such as the GatorTech Smart House [75], iDorm [76], Georgia Tech
Aware Home [77], Casas Smart Home [78], Place Lab [79] etc. To date, there has been no complete
development of an IoT-based control system of EC building envelopes, nor any investigation into
how such built environmental systems could be done.

2.3

Machine Learning for Smart Buildings
Managing buildings is a big challenge, especially for large portfolio building owners and

operators. Building environmental control problems are complex and multifaceted, and it has drawn
academics from a wide range of disciplines to work on the answers, which remain a major challenge
for many years to come.

2.3.1

Classic Environmental Control Theory
From the earliest time of philosophy, there has been two active viewpoints in environmental

control studies, one being logic positivism [80] and the other being subjective behaviourism [81]. This
leads to distinctive categories of investigations, in which some try to elucidate an objective reality
based on the logic of human mind, whereas others use man’s perceptions of reality to understand
the variety of fantasy that emerge throughout our cognition process. Bennett et al. [82] created
the two investigation models as shown in Figure 2.3 to demonstrate two common approaches that
people have used to study environmental problems. With different perspectives (science and art),
these two models have different sources of stimulus, objects of study, and results.
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Figure 2.3: The difference between scientific and artistic investigations
Analyzing and controlling the built environment has been an ultimate challenge to human
capacity and the impetus has accelerated with the development of the empirical theories and mathematical representation of systems [83]. In modern mathematics, a system is defined as a set of
logical operations performed by one or more operands [84]. The systems theory connects our philosophical mental models with rigorous logical expressions. By the end of the 1970s, Churchman
[85] came up with hierarchical concepts in systems theory, identifying the executive control as the
essential component of a system that assigns the functions of the other components of the system,
in command of which each component is utilized, and the executive control should also be capable
to judge the overall system performance [86]. The mathematical and theoretical developments for
optimization of systems offer means of abstraction, to help identify and design important attributes
of the general executive control strategy as the operator over various environmental systems, and
the possible direction for optimization of environmental performance.
Theoretically many environmental behaviors like the fluctuation of energy consumption and
temperature in this research context can be represented in terms of time series mathematical models
where the sequences of state variables (e.g. energy consumption) which are related to each other
are acted by operators (e.g. control of EC and air-conditioner), and in the meantime are subjected
to inputs (e.g. outdoor solar radiation and temperature) to produce the sequences of outputs (e.g.
indoor temperature and illuminance) [82]. In this description, we will talk about the environmental
system as a discrete system where the input and output measurements are selected at discrete points,
and restricted to a limited range of our designed experimental time. In mathematics, operations
or interventions in systems of discrete continuous variables can be represented by equations. If
we define two discrete variable sequences {Xt } and {Yt } as the input and output variables of the
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system, then for a simplified numerical analysis, the control operation given upon the system can
be characterized by the transformation equation:

Yt = SXt

(2.1)

Equation 2.1 is usually called a ”system transfer function” where S is the transformation operator.
The control operator will decide the way in which our system input {Xt } is translated to the
system output {Yt } at certain points of time. That is to say, when we have periodic input, if S is
invariant over the period of time governing the system behaviour, the output is still periodic. Since
temperature change can be generalized as a combination of regular daily and annual oscillations,
the actual temperature input sequence {Xt } in this case could be represented by a summation of
trigonometric sine and cosine components for frequency f as a fourier series:
Z
X (t) =

N/2

(a (f ) cos (2πtf ) + b (f ) sin (2πf t))df

(2.2)

0

The system equations provides the basic mathematical models for performance analysis. While
people’s intuitive perceptions may not agree with the equations because of many everyday random
errors, this leads to the study of time series stochastic process. Usually the inputs are time series
variables which could be stationary or not which depend on whether the mean of the inputs is
changing. In short term or long term analysis of environmental behaviors, continuously varying
variables have been a frequent concern to data scientists. We will conduct a longitudinal study that
samples sequences of sensory impulses at discrete time points, to investigate data patterns hidden
behind the insubstantial dimension of time:
• Central tendency of certain time frames
• Degree of dispersion
• Inter-correlation between successive observations
These statistical properties are described as the mean (Eq. 2.3), variance (Eq. 2.4) and autocorrelation (Eq. 2.5) of the input sequence, and are defined by the expectations [87]:
Z

N

E (Xt ) = X = lim

n→∞
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X (t) dt
−N

(2.3)

E Xt − X
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2
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xt − X

dt

(2.4)
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N

xt − X

= Rxx (τ ) = lim

N →∞
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xt−τ − X dt

(2.5)

−N

Coming back to our system transfer function, the operator or intervention in which we are interested
will vary depending on the real time input stimuli which represents a non-linear system. Thus the
transfer function becomes:
Yt = S (Xt ) Xt

(2.6)

In simple linear systems, the output should be the algebraic summation of the results to each input
variable, whereas in non-linear systems, the input and the output variables should be regarded as
superimposed components. When designing the control strategy, we are actually establishing the
symmetry between the mental models and the real-world environmental behaviors. In the building
environmental context, our experiment goal is to adjust the system from an initial status to a
desired final status one step at a time with minimum energy cost. These evolving understandings
of environmental systems are now used to expand the possibilities of human interventions. Another
important concept in system theory and control theory is the establishment of looped processes which
includes feeding back or feeding forward the results of interacting variables. The environmental
systems contain a number of such feedback or regressive loops. The loop can act either positively
or negatively when outputs are processed by some operators and sent back to affect a subsequent
input. Feed-forward intervention is particularly prominent in environmental control strategies, for
controlling the system as well as optimizing human-environmental interactions [88].
Our intervention of the environmental system is influenced by the way we observe, measure
and analyze the natural environment. The choice control instruments; control weighting, control
interval and maximization tolerance all determine the form of control strategy adopted. In the
field of applied sciences, a trans-disciplinary approach for exploring communications and automatic
control of human-in-loop systems was defined as Cybernetics. The word Cybernetique was created
by the French physicist and mathematician Ampère, which means the science of civil government
[89]. While Ampère’s visionary scheme of political science had not prevailed during early eighteen
century, the word was adopted by Norbert Wiener later to name a new branch of applied science,
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the modern engineering science of control or guidance of complex mechanical and electrical systems.
In Wiener’s theory [90] of Cybernetics was focused on the organization of mechanical and electrical
components of a comprehensive system and the overall performance of a series of mechanism for
stability and purposeful actions. An important point that deserves some explanation is while mechanical and electrical engineering is an engineering practice, cybernetics is a control science. Tsien
[91] justified the establishment of Cybernetics as a theoretical foundation of automatic control, saying that ”At the present stage of multifarious developments in control and guidance engineering,
there is a very real advantage in trying to grasp the full potentialities of this new science by a
comprehensive survey of the whole field.” Cybernetics provides us a systematic framework to look
at communication and control. The purpose of introducing Cybernetics here is to provide such a
theoretical framework within which the interrelations among system components, design principles
and feedback mechanisms will be investigated. Inspired by the feedback-regulated mechanisms of
cybernetics, the IoT-based control strategy of electrochromic glazing which we propose in this study
would also learn from some fundamental concepts and implementation methodologies of Cybernetics. As one of the most important classical environmental control theories, Cybernetics provided
very useful vocabulary to describe the similarities of various systems and to recognize various behavioral patterns of information flows. However, the original cybernetics theory was based upon
technologies from over a hundred years ago, and many related classical environmental control theories and methods have been replaced by more . more advanced control and information theories.
For example, many historical buildings were equipped with mechanical systems which were designed
following feedback models originated from the cybernetic theory. These buildings were not designed
to connect to each other or to the internet, therefore it was hard to supervise and manage all the
buildings on campus more efficiently. Since the classical environmental control theories focused on
solving well-defined problems and were often limited to small scale systems, there has been obvious
difficulties in adapting to the growing complexity and scale of modern built environmental systems.
More advanced theories and tools are needed to process enormous amount of data and solve more
challenging problems, such as performance optimization and predictive control of dynamic building
envelope systems.
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2.3.2

The Machine Learning Approach
With significant growth of the computational power available to every home and public

space since the mid-20th century, a novel way to improve building performance through dynamic
control of environmental systems is to model, predict and control the system behaviors and building
performance with data-driven strategies [92]. There are signs that the data-driven building control
strategies are becoming in high demand, and massive data are coming from simulations and environmental monitoring systems. Figure 2.4 presents the rising trend and projections of machine learning
related publications in built environment research area from 2015 to 2020. However machine learning
models that can really integrated with predictive control of dynamic building envelope systems have
not been fully established. A number of recently established papers discuss the potential applica-

Figure 2.4: Popularity of Four Major Machine Learning Algorithms From 2015 to 2020
tions of machine learning (ML) algorithms for predictive control of building environmental systems.
This section will go through the ML algorithms, key features and outcomes that researchers have
used for depicting the nonlinear and multi-variable human-building-environment relationships. In
2012, Edwards et al. [93] published a paper based on the evaluation of seven different machine
learning algorithms with a residential data set which consists of sensor measurements for predicting
future hourly energy consumption of a residential building. Wu et al. [94] introduced a predictive
building energy optimization model, which utilized ML algorithms to process historical and real-time
building data to increase building operational efficiency and reliability of a commercial building in
Manhattan. Roy et al. [95] explored different machine learning techniques for predicting the heating
load and cooling load of residential buildings. During the same year, Amasyali et al. [96] conducted
a review of the studies that developed data-driven building energy consumption prediction models,

35

with a particular focusing on the scopes of research, the data collection and pre-processing methods, the predictive machine learning algorithms, and the evaluation metrics. Petrosanu et al [97].
conducted a survey regarding the recent research and developments in using supervised and unsupervised machine learning models to process sensor data in the smart building areas to identify future
directions of the data-driven smart building research in the scientific literature. In 2020, Luo et al.
[98] propose an adversarial neural network(ANN) model based on the aggregated data of building
IoT devices. Huang et al. [99] propose a learning-based framework for applying the data-driven
methods to use indoor temperature and ML algorithms for predictive control of the HVAC systems.
Kar et al. [100] introduce ML based approach to incorporate individual and collective preferences
from historical data and offer recommendations for intelligent building lighting controls. Eini et
al. [101] also propose a predictive control strategy incorporated with machine learning to regulate
energy usage as well as occupant thermal and visual comfort in a smart building. Lin et al. [102]
explore the optimization methods to decrease the building energy consumption while improve visual
discomfort. With a growing interest for daylight and visual comfort in the building research community, more and more ML models are presented to address the energy-comfort trade-off problem
[103][104][105].

2.3.3

Variables and Algorithms
Table outlines the variables identified in the previously mentioned studies. These input

variables are classified according to different phases and topics, for instance, design, construction, and
post-occupancy for three phases of a building’s life cycle. Research topics are even more inclusive.
In the architectural research community, for example, environmental variables related to design
decision making include building geometry, spatial layout, and material settings. Other studies
explore the system design, technology integration and prediction accuracy to test the efficacy of
their ML approaches. Data driven ML models need to define relevant variables as inputs, and then
derive their relationships to the output performance. Deterministic methods rely on thermodynamic
or mass-transfer rules for detailed modeling and analysis, while ML algorithms do not perform such
analysis, and instead learn directly from available historical or simulation data for addressing future
prevalence problems.
• Supervised Machine Learning Model is taught through demonstration. Commonly known

36

Table 2.2: Summary of Variables and Models in Smart Building Research with ML (T: temperature;
P: presure; W: wind speed; H: humidity; R: solar radiation; I: indoor illuminance; BD: building
design variables; h: human defined variables; t: time series variables; VC: visual comfort; TC:
thermal comfort; EE: energy efficiency; model names explained in nomenclature)
Reference

Models

Input Variables
T

Edwards et al., 2012

FFNN

✓

Wu et al., 2012

SVM

✓

Paterson et al., 2017

ANN

✓

Kim et al., 2018

P

W

H

✓

✓

✓

R

I

✓

MARS/ELM

Kar et al., 2019

WSAN

Eini et al., 2020

ANN

✓

Huang et al., 2020

XGB

✓

Lin et al., 2021

BPNN/SVM/RF

Basurto et al., 2021

XGB

Touzani et al., 2021

ANN

Ma et al., 2021

RF/SVM

Amasyali et al., 2021

SVM/ANN/DT

t

VC

TC

✓

✓

✓

✓

✓

✓
✓

✓

✓

✓

✓
✓

✓

✓

✓
✓

✓

✓

✓

✓

✓

✓
✓

✓
✓

✓

✓

✓
✓

✓
✓

✓

✓

✓

✓
✓

✓
✓

✓

✓

EE
✓

Amasyali et al., 2018
Roy et al., 2018

Outcomes
h

✓

✓

✓

BD

✓
✓

✓

✓

✓

✓

✓

✓

✓

✓
✓

algorithms fall into this category include Linear Regressions (RL), Support Vector Machines
(SVM), Random Forest (RF), etc [106]. A labeled dataset which consists of desired inputs and
outputs is fed to the supervised machine learning algorithm as a reference, and the algorithm
automatically find methods to determine the relationships between the input and output data.
While we know some correct answers to the problem from the labeled data, the algorithm
identifies hidden patterns in data, learns from limited observations and makes interpolation or
predictions. To achieves a high level of accuracy performance, supervised ML algorithms make
considerable amount trial tests and are evaluated by comparing the predictions of multiple ML
models to get the best results.
• Unsupervised Machine Learning Model employs unlabeled data to figure out learning problems. Most widely used algorithms include K-Means Clustering (KMC), K-Nearest Neighbors
(KNN), and Apriori Algorithm (AA) [106]. The learning objective is not clearly labeled or
predefined in the training data. Essentially, the unsupervised machine learning model is expected to determine the learning outcomes by analysing available data. In this ”unsupervised”
learning process, hidden structural characteristics and possible cluster patterns in the training
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data will be identified by the machine learning algorithms. The algorithm interprets the data
in various ways and determines the best approximation of its structure. This might mean
grouping the data into clusters or arranging it in a way that looks more organised.
• Semi-supervised Machine Learning Model is situated between supervised learning and unsupervised learning, which uses both labelled and unlabelled training data [107]. Typical examples
are Graph-based Semi Supervised Learning (GSSL), Generative Adversarial Networks (GAN),
and Self-trained Bayes Classifier (SBC). Two different types of data (Labelled and unlabelled)
are processed and utilized differently by semi-supervised ML algorithms. By using the combination of supervised and unsupervised methods, semi-supervised machine learning algorithms
essentially learn to label unlabelled data.
• Reinforced Machine Learning Model focuses on a structured and regulated learning process,
which includes a set of operations, hyper-parameters and end values [108]. Q-learning, Modelbased Value Estimation (MVE) and State-Action-Reward-State-Action (SARSA) are three
model-free reinforced machine learning algorithms that are widely utilized. By defining the
learning principles, a reinforced machine learning algorithms creates agents to explore different
options and possibilities. The results of each trial are monitored and evaluated to determine
which option is optimal. Reinforcement learning teaches the machine trial and error. It learns
from past experiences and begins to adapt its approach in response to the situation to achieve
the best possible result.

2.3.4

ML Applications and Limitations
General machine learning algorithms for IoT applications are growing rapidly in the field

of smart building and smart cities [109][110]. Table 2.3 summarizes a representative set of latest
research in using ML to solve building environmental control problems. Six main domain topics,
fourteen critical application scenarios, and eighteen evaluation metrics are identified in the representative literature. Although differences of model and feature selections still exist, there appears
to be some agreement that the machine learning approach is very adaptable in smart building applications. What makes machine learning useful that it can encompass all different environmental
variables, and it can model different behaviors of users or buildings and capture the hidden patterns
well. What these studies reveal is that there has been a steady increase in the application scenarios
38

Ref.
[111]

Domain
Recognition of
Specific Activity

Application

Learning Objectives

Fault Detection

Identification of Activity Patterns

Evaluation Metric
Accuracy

[112][113]

Occupancy Detection

[114][111]

Authentification

Improving Security

TNR

Prediction of User Behaviors

Improve Operational Efficiency

Accuracy

Prediction of Weather

Scheduling

MAE

Sensor Grid Diagnosis

Improving Operational Efficiency

[115][116]

Scenario
Prediction

[117]
[118]

Data Mangement

[119]

[122][123]

[124][125]
[126]

TPR
MAE, R2

Data Process

[120]
[121]

TPR

Data Mining
Automatic Control

Controlling Access

TNR

Coordination and Actuating
HVAC Systems

Energy or
Improve Building Performance

Comfort
Measures

Adjusting Dynamic Devices

Accuracy, TPR

including EC, Shading, Lighting
Respond to User Demand

Improve User Comfort

TPR

Table 2.3: Machine Learning Application in Building Research (Accuracy: Percentage of Correct
Predictions; TPR: True positive rate; TNR: true negative rate; MAE: mean absolute error; R2
Dependent Variance)
where machine learning models are developed for solving building performance related problems.
The motivations are clear, if we can cut building energy use and that’s what building owners care
about, by managing the building efficiently with data-driven strategies. It’s relatively easy and
very well cost spent to get all kind of building environmental data these days. For example, when
we look at a whole campus, it’s hard to manage hundreds of assets sometimes thousands of assets
proactively, because it’s almost impossible to look at and process all information by any individual
person. That is where machine learning algorithms come to rescue, and software intelligence can do
the heavy lifting efficiently and tell people about when this building’s base load just went up and
calculate the long term impacts. What impacts matter to users or researchers maybe different, and
that’s for the user or researcher to decide. However this machine learning approach and information
processing ability is now applied to more and more smart building scenarios. Obviously, we can’t
design a technology or smart system for everything, while machine learning allow researchers to look
at the spectrum of information across the board domain, different data sets from human, nature
and buildings themselves. It’s really hard to answer the building performance questions without
data and models. In the past engineers try really hard to develop classic environmental models
and validate them through well defined theoretical framework with limited data. the data is not
just about the data itself but it also has to be business great data data that Now we can count

39

on high-quality multi-dimensional data and construct ML models directly to make both design and
operational decisions. The machine learning algorithms fill the gap between raw data and actionable
intelligence be researcher can use data to solve complex building environmental problems.

2.4

Electrochromic Glazing Research in Buildings
The impacts of material properties, control strategies, and climate conditions on EC build-

ing performance has been widely researched in recent years. For example, Lee et al. [127] first
conduct application experiments with large-area electrochromic windows in 2002. The monitoring
and field test results of a full-scale commercial building are presented to show how the EC technology
perform in real-world scenarios. The four-month performance statistics are analyzed with relation to
the glazing material attributes, and suggestions for enhancements toward better building EC glazing
products are presented. The electrochromic material research and application development community is likely to benefit the most from these findings. In 2013, DeForest et al. [128] evaluated a broad
range of near-infrared electrochromic (NEC) glazing performance by simulations (COMFEN® ) for
commercial and residential buildings in 16 representative cities in reference climate-zone. The paper
presents the EC performance on a city-by-city basis. The results of a best-case scenario showed the
maximum annual HVAC energy savings as 11 kWh/m2 (11.4% in comparison with static glazing)
per year for commercial buildings, and 15 kWh/m2 (13.0% in comparison with static glazing) per
year for residential compared to the highest performing static glazing. Four years later, the team
presented another simulation study of three new electrochromic glazing materials [129], including a
novel dual-band EC which is capable of changing its optical properties independently in the visible
light spectrum and near-infrared spectrum, a near-infrared EC and a conventional EC. The results
of these simulations are used to compare the relative value of each EC technology for their building
energy saving potentials, as well as their total value in comparison to static window alternatives.
Aldawoud et al. [130] compared the effectiveness of electrochromic glazing and fixed shading devices
in preventing unwanted solar heat gains from heating a conditioned space in hot and dry climate.
Pittaluga’s study [131] demonstrates that the EC application efficiently reduces building cooling
loads in different regions. In 2018, Oh et al. propose an optimal control method to reduce EC building energy consumption in three distinct climate conditions. An multi-objective evaluation metric is
devised for balancing energy and daylight performance. In 2019, Chambers et al. assess the related
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technical energy saving potential in cases of nation-wide implementation in Swiss office buildings
[132]. Latest electrochromic glazing technologies have been identified as emerging options for reducing cooling and lighting electricity demand. In 2020, Lee et al. [133] propose an electrochromic
glazing control strategy with optimization parameter to improve the energy performance and carbon
footprint of medium-sized commercial building in different climates. Other influential works include
Papaefthimiou et al [134] which test EC properties in relation to indoor and outdoor environmental
conditions , and Maftouni et al [135] which compares EC with two types of static glazing.

2.4.1

Smart Glazing for Building Envelopes
The general definition of smart materials, according to the Encyclopedia of Chemical Tech-

nology, is ”things that perceive environmental changes, process that sensory information, and then
act on the environment.” NASA defines smart materials as ”materials that remember configurations
and can adapt to them when given a specific stimulus” [1]. Another explanation of smart materials by Wei and Standstorm [136] refers to “their intrinsic sensing, actuating and controlling or
information-processing capabilities in its microstructure.” Over the past decades, the development
and improvement of smart glazing materials [137] has led to various products and applications for
building envelope. Electrochromic glazing is one of many smart glazing materials. The reason for
choosing the electrochromic glazing as the primary impetus is because its dynamic property, cost per
unit area and integration potentials. The smart glazing materials can be classified into two broad
spectra according to their technical characteristics as shown in the following Table 2.4:
Table 2.4: Classifications of Smart Materials in Buildings [1]
Smart Materials Types

Property Characteristics
properties change in direct

Type 1

response to a change in an
external stimulus whereas
changes are direct and reversible

Typical Materials
- Thermochromic
- Electrochromic
- Magnetohelogical
- Thermotropic
- Shape memory
- Photovoltaic

Type 2

convert energy from one form

- Thermoelectric

to an output energy in another

- Piezoelectric

form directly and reversibly

- Photoluminescent
- Electrostrictive
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The electrochromic glazings which we are interested here belongs to the first type of smart
materials that have an interactive or switchable surface. Electrochromic materials (EC) are able
to change their color or their optical characteristics in response to an applied voltage as shown in
Figure 1.2. [138] The study of electrochromic materials dates back to the 18th century, when Heinrich Diesbach discovered the features of chemical glazing variants of Prussian blue [139]. S.K. Deb
[127] carried out the first research of electrochromism in 1969. Thirty years later, Carl M. Lampert
[140] published a paper in which he wrote about the characteristics of chromogenic materials, considering possible applications for improving buildings energy efficiency. Since then, more and more
evidences have been found that EC materials with active control strategies are promising solutions
for improving building environmental system performance. Belzer and David B [141] n conducted
an exploratory study of EC Windows to test their potential to reduce lighting, cooling, and heating
energy for five different locations in the U.S. Figure 2.5 shows the process of Electrochromism [142]
which brings about the capability of adjusting its optical properties to meet users’ visual and thermal comfort requirements.
According to experimental research of the material scientists Lee et al [143], the chemical composi-

Figure 2.5: Electrochromism Process
tions of the EC window can vary and other physical properties also dictate the actual performance
of the EC glazing: the switching range or transmittance levels, response speed, temperature characteristics, energy consumption when being switched, long term durability and aesthetic issues like
color. A further review of these properties are listed as following:
42

• Chemical and Physical Properties of ECs
The electrochromic glazing consists of multiple layers of chemical coating and a core ionconducting film. We can use Papaefthimiou’s layout to visualize a general EC glazing composition, shown as Figure 2.5. This electrical reaction consists of the insertion or extraction
of ions from the ion-conducting layer. And the EC coating “darkens as lithium ions and associated electrons transfer from the counter electrode to the electrochromic electrode (EC)
layer. Reversing the electrical polarity can cause the ions and associated electrons to return to
their original layer, the CE, and the glass returns to a clear state [144].” In 2000, Grandqvist
simplified the reaction as shown in the following equation:

W O3 + xM + + xe− ↔ Mx W O3
with M + being either H + , Li+ , N a+ or K + and e− denoting electrons. Moreover as the
advancing of material science, new variations of organic or intercalated ECs are emerging in
research labs and industrial market The properties of EC glazing are highly flexible compared
to the most dominant static glazing under the two dimensional criteria of solar heat gain
coefficient and visible light transmission used in the built environment industry.
• EC Switching Speed and Operating Temperature
In 2002, Lee and DiBartolomeo published their findings about the positive correlation between
EC switching speed and operating temperature [143]. In their experiments, the EC devices
take about five times longer to switch at the surface temperature of -10°C than at an indoor
temperatures of 21°C. Also, direct solar irradiation improve switching speeds. Since EC window
absorbs solar radiation when it is in its darker states, the exterior surface temperature of EC
glazing can be very high. The highest record of EC surface temperature measurements was an
exterior EC window with clear glass substrates of up to 65°C on sunny days for a south facing
vertical facade measured by Lawrence National Berkeley Laboratory (LNBL) in 2005.
• EC Durability The durability of EC glazing varies from a few hundred cycles (like sol-gel
devices) to around 106 cycles (usually for vaccum-deposited films). The reasons of degradation
of devices in most cases are either intrinsic, for example electrolyte degregation or tapping of
ions, or environmental, for example over-exposure of UV radiation or thermal limits. There
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were few cases that malfunction of ECs can be due to interaction with the atmosphere where
photo-induced degradation occurred in the presence of extra oxygen or moisture ingress [134].

(a) EC in the clear state

(b) EC in the tint state

Figure 2.6: The application of EC glass at Gilcrease Museum, Tulsa, OK
Despite these crucial research works that have been done to study EC as a smart material and
test its dynamic properties, many engineers and architects take a very suspicious and critical view
regarding the problems of using EC glazing for environmental control, since the overall performance
of EC building envelopes not only depend on the materials and products available, but also upon
the nature of environmental disturbances and constraints in the environmental systems. Figure
2.6 shows an example of successful EC integration in a museum building in Tulsa, OK. Significant
impediments to current efforts lies in the lack of some basic environmental information, high cost
of research and development of the EC products, lack of incentives to adopt the technology, lack of
interdisciplinary integration, and bifurcation of the data collector and the systems modeller [145].
To permit the adjoining of the new materials, technologies and control solutions of realworld environmental systems, the systematic approach of Internet of Things provides a powerful
vehicle for human-building-environment interactions, for control automation, and for reducing the
increasing complexity in optimization and adaptation to real-world climate conditions.

2.4.2

Daylighting and Visual Comfort
Daylight is an influential natural environmental element of a living or working space with

regarding to visual comfort and energy consumption. The science of measuring light is called photometry. It is by definition, the science of measuring visible electromagnetic radiation regarding
its visual perceived brightness (Reinhart, 2014, p: 67). Several photometric quantities defined to
describe light within space (Lencher, 2008) are described below:
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Luminous Flux: The amount of light power emitted by a light source as perceived by the human
eye is luminous flux (Grondzik Kwok, 2015, Reinhart, 2014). It is measured in lumens (lm).
Luminous Intensity: Luminous intensity is the intensity of the light beam in any direction (Lechner, 2008). It is a characteristic of the source and is not dependent on the visual perception. The
unit of luminous intensity is Candela also called Candlepower (cd).
Illuminance: incident of the total luminous flux shed on one unit area of a surface. In the International System of Units, illuminance is measured in lux (lx).
A number of visual comfort metrics have been developed in the literature regarding the influences of
daylight on human. Yener’s definition of visual comfort [146] is the conditions to provide required
levels of illumination, avoidance of glare, and a homogenized distribution of light. Wymelenberg
and Inanici [147] categorized the visual comfort metrics into illuminance-based and luminance based
metrics. The illuminance-based metrics include horizontal illumination which has a wide range
regarding user acceptance. In 2011, Dilaura’s research team claimed that visual comfort can be
defined with sufficient precision and expressed in mathematical form. Since lighting of a luminous
environment has two aspects: quality and quantity, we can make a distinction between quantifiable
and non-quantifiable aspects of luminous environments and the quantity part can be measured by
certain criteria [148]. In Maryam’s study [21], the effective light measure (ELM) is developed which
rank the visual comfort level based on three ranges of illuminance value:
• Undesirable(I < 100 lux and I > 1000 lux): The range below 100 lux is derived from the
minimum threshold in the definition of the Useful Daylight Illuminance (UDI).
• Acceptable(100 lux < I < 300 lux and 500 lux < I < 1000 lux): The range between 100 lux
and 300 lux is not sufficient for performing visual tasks of high contrast and large size.
• Desirable(300 lux < I < 500 lux): This range covers the values of 300 lux, 400 lux, and 500
lux, which are required by IESNA [149].
For discomfort glare, Daylight Glare Probability (DGP) is a prevailing metric derived from the daylight glare comfort classification proposed by Wienlod and Reinhart [150] in 2010. In its definition,
DGP indicantors below 35% are ‘imperceptible glare’, between 35% and 40% are ‘perceptible glare’,
between 40% and 45% are glare disturbances, and results beyond 45% are considered ‘unbearable
irritative glare’. The visual comfort hours which derived from the reviewed quantitative measures,
especially ELM, and the implementation is described in the following section.
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2.4.3

Energy Performance
A number of climate types have been investigated regarding the energy performance of

EC building envelopes [151]. A pilot project of electrochromic windows research was conducted by
the U.S. General Services Administration (GSA) [152] in Denver, 2013 to investigate and analyze
various practical aspects of the EC integrated building to evaluate the potential of the EC glazing as a
recommended high-performance technology for broad deployment across GSA’s buildings collection.
This pilot study was limited to the climate condition of Denver, the location of the building and its
customised HVAC units. The annual minimum and maximum temperatures in Denver are around
-6°C and +8°C in winter and +16°C and +31°C in summer. In 2014, Tavares P.F. published a
paper on a buildings refurbishment with electrochromic (EC) windows in Mediterranean climates
[153] Different EC control strategies are modeled with the ESP-r building simulation program.
The impacts of EC window on the heating and cooling energy consumption is studied. Different
climate parameters including temperature and incident radiation are considered, along with the
set points for controlling the EC windows. Several windows solutions are compared in terms of
glazing materials, the types of building, occupancy and equipment schedule, and the orientation
of windows through the analysis of the simulation results. Conclusions are made about the best
orientation of EC façade for the Mediterranean climates. Myunghwan’s research team analyzed
the EC control conditions in three eastern climate regions: Riyadh, Saudi Arabia representing hot
climate regions; Inchon, South Korea for hot and cold climate regions; and Moscow, Russia for cold
climate regions [131]. General deployment of EC for Swiss non-residential national building stock
was investigated by Jonathan Chambers’ research team [132], while their study has ben focusing
on the one and only building performance criterion for optimization: the energy saving potential of
EC. DeForest and Shehabi [128] investigated the regional performance targets of binary-state nearinfrared electrochromic (NEC) window glazings for a number of climate-representative reference
cities in the U.S. The building energy performance with the two-state NEC glazing material was
simulated by the software COMFEN. An annual heating and cooling energy use intensity (EUI) is
determined by normalizing total building energy consumption by floorspace. This study finds that
outside of the hot, sunny region of the southern U.S., the two-state NEC glazings have significant
potential to outperform static glazings on the basis of heating and cooling energy.
For experimental studies like Lee et al. (2013), the research objectives were to understand
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the effects on occupant visual comfort, post-occupancy satisfaction and adoption of the EC technology in real-world EC deployed scenarios. While it is difficult to evaluate all different application
scenarios of EC qualitatively for large amount of building projects at different locations in climate
conditions, simulations were believed to be an effective quantitative measure to complement the
investigation. Tavares and Myunghwan’s work [154] is limited to the sample size and climate conditions, therefore it is difficult to make valid inferences from their projects to other different climates.
DeForest’s project demonstrates a climate-specific analysis of building energy saving with binary
state NEC glazings, but the simulations are the based on two-state NEC glazing materials which
simplified the factor of control algorithm in identifying accurate EC tint levels necessary to change
with the incident climate condition. Therefore the NEC study does not represent a level of solar
control strategies that might actually be implemented. A precedent study provided an overview
of the total spectrum of EC glazing materials with their optical properties data [154]. And with
single-criterion EC control strategy for energy saving in precedent studies would not guarantee any
improvements of the satisfaction of users and occupants of a building due to the visual comfort
trade-off [155].

2.5

Gaps in the Literature
EC building envelope research is one of many intriguing questions due to the complex nature

of building environmental systems. The author conducted a systematically review on all directions
of the relevant literature for discovering emerging trend and developing novel research ideas of
high-performance building envelopes. The review of precedent studies regarding the research and
applications of EC, IoT and Machine Learning in buildings suggests that integration of EC and IoT
could be beneficial to the visual comfort of the occupants and energy saving of the buildings. The
existing body of research on sustainable buildings envelope design is mostly based on simulation
with historical weather or case studies which fails to account for uncertainties of real-world climate
conditions. Notable information gaps exist between design and post-occupancy research. With the
development of sensor technologies and the machine learning approach to solve the problems using
environmental data, particularly with integrated data generated from BIM, simulation and realworld sensor systems to present the confounding relationships and interactive control activities in
the building environmental systems, we gain deeper understandings to the natural and built environ-
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mental systems, design and control objectives of sustainable architecture, as well as possible options
for optimization strategy. This literature review section highlights the inadequacies in the research of
the design, implementation and evaluation of IoT based control strategies to a wide range of building
environmental problems. As the table 2.3 shows, a number of simulation based control theories and
tools have been developed in the research labs for controlling the dynamic building environmental
systems and human-building interactions. Each study have only focused on one aspect of building
performance or carried out in a small number of areas. For example, Aldawoud’s investigation on energy performance of EC [130] were dependent on simulated scenarios and focused on hot, dry climate.
The trade-off problem between energy efficiency and visual comfort is also unresolved. Therefore,
there is no general agreement about how EC buildings envelopes should be design, built and operated in real-world and different climate areas. The inclusion of human interaction and objectives of
comfort issues is also problematic. For the studies which assess the performance of EC according
to its visual comfort criteria, visual comfort metrics, the visual comfort metrics are developed and
used in some quantitative research designs. And few qualitative research have been done to validate
the visual comfort performance of EC from the users’ perspective. The existing literature on visual
comfort considerations of EC suffer from a paucity of multi-dimensional views and lack of feedback
mechanisms. The research to date has not been able to establish a strong theoretical framework
for discussions about how could the control strategy of EC mitigate the trade-off between visual
comfort and energy consumption under certain climate conditions. These research works of control
strategy for building glazing systems have several limitations concerning long term evaluation of
design satisfaction, multi-criteria performance optimization, while some evidence suggests that the
emerging data-driven machine learning and building IoT research would allow us to restructure the
control strategy of EC to gain capacities of sensing, analyzing and controlling for wider applications
[156]. Further works of integrating EC, IoT and machine learning approach are required to confirm
the possibilities of multidisciplinary convergence in smart and sustainable EC building envelope research, and this is where this dissertation project comes to play. Given the important opportunity
to fill the gaps in the literature, this dissertation formulate four research questions to investigate the
design, integration and evaluation of IoT based EC building envelopes in different climate conditions.
This includes analysis of users’ feedback, architectural design variables, buiding IoT framework and
technologies, machine learning approaches and generalization for various climate conditions. This
idea of integration is based on the analysis of research efforts, both the advances and limitations,
48

to control dynamic building envelopes or other environmental systems required in solving energy
or comfort problem. The IoT based EC control strategy for high-performance buildings is derived
from these multidisciplinary theories. An interconnected human-building-environment theoretical
framework would be important, not only for high level references on the decision making during
design and implementation process, but also in the testing, analysis and evaluation of our daily
spatial experiences. It takes a while to convince people why they should change how they build and
operate their buildings but things are speeding up really fast just in the last decades. We already
have billion level square feet of commercial space that has been being actively monitored. There are
all kinds of different ways that people trying to collect specific data or a lot of general data. The
challenges lies in the lack of access or pathways of analyzing and using the data for people to be
able to better design and interact with our buildings.
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Chapter 3

Case Studies of EC Building
Envelopes
It has been generally assumed that EC materials have great potential for improving building
performance. However, there are few studies investigating the status quo and challenges of EC
glazing in the real-world at a large scale up to date. For building science and technology research,
it is critical to learn and evolve from current practices. It would be a fruitful area to examine as
many EC buildings as practically possible, and get feedback directly from the architects, engineers,
and users. Therefore this study sets out to use secondary data analysis and case study to investigate
the state of art EC technologies, applicable buildings, and unsolved problems. The research design
starts with the secondary data analysis on a collection of 345 EC projects’ information. In order to
describe the big picture and current best practices of electrochromic building envelope systems, the
major aspects of project information for the sample EC building projects are gathered and analyzed
by the author as follows:
• Building typology
• Building location and weather conditions
• Design strategies and integration technologies
• Multidisciplinary collaborations
• Building performance and clients’ feedback
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The remaining part of this chapter proceeds as an in-depth case-study design, with a systematic
review of the design, integration, and evaluation of three representative EC projects. The off-site
case study is conducted to collect empirical data for three different purposes:
• To describe the detailed and integration process of EC glazing in building envelope systems
for different architectural projects in different locations.
• To identify the most common challenges encountered during the design and integration process
of EC building envelope system.
• To investigate the architects’ documentation, post-occupancy user feedback, and standard
evaluation for cross-case analysis.
This combination of secondary data analysis and case study is a powerful and synergistic research
design. The quantitative data establishes the overview of EC adoption in relation to the contextual
environment, while qualitative results highlight the themes that emerge from the extensive analysis
and empirical findings.

3.1

Research Methods
The implementation of secondary data analysis is divided into two parts: 1) available data

searching, procurement, and evaluation. A python script is developed to fetch EC project content
from the related websites, including architecture companies and EC manufacturers. 2) data mining
and content analysis. The project information is then extracted and analyzed to identify statistical
patterns.

3.1.1

Data Collection
To increase the validity of this empirical study, the data of EC projects are inquired from

multiple sources, including major EC glass manufacturers’ public online project database, on-site
observations, industrial reports, technical documents, companies’ architectural portfolio, and historical online interviews with the stakeholders. A variety of project information of EC buildings,
including the project title, site location, completed year, clients, design teams, contractors, system
developers, project specifications, and post-occupancy evaluations (POE) if there are any uncovered
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issues. We have collected 345 EC building cases, among which 237 were located in the mainland
United States and 108 scattered around the world. Figure 3.1 shows a subset of the sample EC
projects in the U.S. Considering the geographical distribution of the sample cases, the typology
analysis is focused on projects located within the U.S. Among these cases, the clients’ feedback is
collected in form of quoted narratives or interview videos for the sample EC projects. Transcript
and reports are analyzed using natural language processing tool for identifying keywords’ frequency
and sentiment.
For the representative case study, we identified 3 EC projects with detailed documentation of design

Figure 3.1: Case Study Database
and implementation process. In these cases, we look into the key design and integration problems,
concepts, strategies, and technologies used by decision makers of the specific project. Cross-project
comparisons are also conducted where common grounds can be found.

3.1.2

Content Analysis
This study makes use of public archival sources, media reports, as well as oral interviews

available online for analyzing users’ feedback in relation to the specific EC building projects. Given
the large amount of natural language content, a natural language processing (NLP) model is developed to evaluate the importance of EC-related topics based on the post-occupancy evaluation
transcript corpus. N-gram language processing model is one of the most widely used natural lan52

guage models at the moment [157]. Within given windows of N words, N-gram model can efficiently
compute probabilities of co-occurring words. The N-gram function 3.1 calculates the probabilities of
keywords and related topics based on the POE corpus. Each user’s feedback transcript is represented
as a sequence of N words string w1 · · · wn . P (wn ) represent the probability of a particular random
string:
P (w1:n ) = P (w1 ) P (w2 |w1 ) P (w3 |w2:1 ) · · · P (wn |wn:n−1 )

(3.1)

The most significant themes stand out as the probability of theme-related strings is listed in order
of ranked importance. Compared to other NLP models, such as Recurrent Neural Networks (RNN)
or Long-Short Term Memory (LSTM), N-gram model has the best performance-speed balance for
our text mining and natural language processing tasks.

3.2

Secondary Data Analysis Results
The project data is obtained for 345 documented EC buildings in the U.S. The documented

EC projects are distributed across 24 (48%) states and many other countries around the world.
However, the net areas of EC glazing differed considerably with the typology and location of the
specific project. 37 projects (10.72%) have recorded the area of EC glazing material; 184 (53.33%)
projects were associated with an architecture company, and 8 (2.31%) projects were reported only
involving contractors and system developers without architects.
Nearly 90% (308) of the EC projects provide post-occupancy evaluations in terms of text, narratives
or interview videos. The most frequently evaluated EC glazing in buildings is manufactured by View
Electrochromic Glass® (283 cases). The second was SAGE Electrochromics ® (25 cases). 70(20.29%)
cases are labeled with the functional types of the EC buildings, while others do not provide any clear
categorization of the rated building projects. The types of integration technologies to control the
EC building envelope systems are not commonly included in the secondary data, but are included
in the representative cases studies. A random sample of the projects with EC building envelopes is
demonstrated in Table 1 in Appendix A.
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3.2.1

EC Building Typology
The building typology aspect of the case studies provides a classification scheme for de-

scribing various public EC building envelope systems. Among our sample cases, the EC building
envelope systems are classified with respect to seven spatial functions that the given building project
supports: (a) office buildings; (b) healthcare facilities; (c) Hospitality facilities; (d) cultural institutions;(e) airports; (f) higher education facilities; (g) retail buildings. Furthermore, actual EC glazing
areas differ significantly, as determined by how the clients, architects and other decision-makers think
of the project.
EC area results for different types of buildings indicate which real-world building application sceTable 3.1: Case Study Building Types and Statistics
Building Type

Frequency

Relative Freq%

Office Buildings
Healthcare

59
35

17.14
10.00

Hospitality

54

15.71

Cultural Institution

37

11.43

Airports

20

5.71

Higher Education

59

17.14

Retail

25

7.14

narios are in need of EC building envelope systems. Figure 3.2a shows office buildings were the
major adopters in terms of total net areas, while airport buildings surpassed all other building types
in terms of the average EC area for every single project. The large-area EC facade projects, such as
the aviation buildings, typically include automation control strategies to facilitate daily operations
and reduce maintenance costs. The remaining groups of smaller projects have more flexible control
mechanism, including manual, automated, and hybrid control strategies. perceived benefits with
respect to the adoption of EC glazing

3.2.2

EC Building Location and Weather Conditions
The quantifiable results of the net number of projects and average area of EC glass used

in buildings are categorized according to their location (the state abbreviation) as shown in Figure
3.3 and Figure 3.4. CA becomes the apparent leader in using electrochromic glazing in the building
sector with 55 cases on board, which exceeds the combination of the second state (NY: 22) and
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(a) Sum EC Glazing Area of Investigated Cases
In Investigated Building types

(b) Average EC Glazing Area of Investigated Cases
In Investigated Building types

third state (NC: 21). Interestingly, the location distribution turns out to be independent of climate
zone segregation or correlation to the weather conditions. Potential geographical factors of the EC
building technology adoption include economic development, political incentives, population growth,
and availability of skilled workers, which may require more complex spatial econometric models to
explain. From Chart 3.4, it can be seen that by far CA and NY are the top two states for total

Figure 3.3: Number of Investigated EC Projects In Continental United States
areas of EC glazing used in buildings. These results indicate where EC glazing has been widely
used. However, there is a certain degree of uncertainty about the real-world EC applications due
to the limited number of EC projects that can be found on internet. And with the growing public
interest in EC adoption, these numbers will also change over time. This secondary analysis study
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is a snapshot reflecting the current associations between location and quantifiable characteristics
of EC building projects. The regional differences are palpable, which indicate possible economic,
technical, or climate-related problems for general applications of EC building envelopes. Therefore, a
more detailed qualitative analysis of the EC cases is designed to complement the earlier quantitative
study.

Figure 3.4: EC Glazing Area of Investigated Cases In Continental United States

3.2.3

Multidisciplinary Integration and Collaboration
In real-world EC building projects, clients may partially or completely rely on architects,

contractors or system specialists for the selection and integration of building materials and technologies. Most of the time, architects understand how the EC building design affects the overall building
performance by simulation or empirical analysis. Contractors can provide a cost management and
construction perspective. There may be other system developers and sustainable professionals hired
to give their advice or solutions on technical or environmental problems in a complex EC building
project. Results related to the involvement and collaboration of three major contributors, architects
are perceived as the most involved players in the EC building project teams, with 184 (53.33%) EC
cases identified an architect responsible for the design and integration of EC building envelope systems. Also, the collaborative relationship between architects and constructors is evident (56.05%).
However, the lack of connections between architects to system developers, and lack of overall integration are observed in the cases. The success of high-performance EC building projects involves
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Figure 3.5: Multidisciplinary Integration and Collaboration In EC Building Cases
all aspects of design, construction, and operation. Multidisciplinary collaborations facilitate the
integration of different systems and increase the reliability and accuracy of the dynamic building
performance. While most of the detailed underlying EC technologies are selected by engineers, architects who know how to design, simulate, and optimize EC performance, can easily communicate
performance-driven design concepts with contractors, engineers, and developers, creating in a more
smoothly integrated decision-making process that helps achieve higher building performance goals.
With an integrated design team and collaborative decision-making process across the typical disciplinary boundaries, architects are able to integrally engage in each step of EC design, simulation
and optimization, re-thinking how to achieve performance through EC building envelope systems.

3.2.4

Content Analysis of Post-Occupancy Evaluation
post-occupancy evaluation (POE) is central for building performance research [158]. In ad-

dition to the quantitative results of the case studies described above, exploratory analysis of the
qualitative post-occupancy evaluations are conducted to explore the users’ subjective perceptions
and experiences in relation to the design and operation of EC building envelopes. Since there is no
validated POE framework for assessing EC projects, the related interview and user surveys which
we can find are mostly unstructured with a lot of open-ended questions. A natural language tool
is developed to implement the N-gram model, to efficiently process the POE feedback or interview
transcripts. By extracting semantic data from the evaluation, we see various respondents’ reflections
on EC building performance and interaction experiences of the sample EC buildings.

• For healthcare buildings, cleanliness and cost of maintenance are the clients’ major concerns.
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Figure 3.6: POE of EC in Healthcare Buildings
• For concourse at airports, the design drive of EC building envelope is to reduce heat and glare
without sacrificing the connection and spatial experience.

Figure 3.7: POE of EC in Airport Buildings

• In office buildings, visual comfort and energy efficiency are both mentioned as important
features of the electrochromic glazing. In several cases, the natural daylight is used as a
performance indicator for visual comfort.

Figure 3.8: POE of EC in Office Buildings: Visual Comfort Indicator

• In some other office building cases, the acoustic performance was also mentioned. The clients
appreciate the feature that the EC glass can be controlled silently.

Figure 3.9: POE of EC in Office Buildings: Acoustic Performance Indicator
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• In classrooms buildings, both visual comfort and thermal comfort performance indicators are
important to the clients. In some cases, EC are compared to other dynamic shading devices
since serves the similar functions. One of the major challenges for dynamic building envelope
systems is to increase the reliability by minimizing the need to maintain and repair as shown
in Figure 3.10.

Figure 3.10: POE of EC in Classroom Buildings

• In library and gallery cases, protection from sun damage is crucial when it comes to the building
envelope design.

Figure 3.11: POE of EC in Libraries and Galleries

The text analysis of POE helps clarify high-level topics in relation to EC building envelopes. The
keywords of the content, categorical relationships, and sentiment sensing contribute to a deeper
understanding of the important issues for users as tagged at different levels of abstraction. The
content analysis of unstructured users’ feedback provide us various perspectives to discover critical themes in relation to the design, integration, and operations of existing EC building envelope
projects. The qualitative analysis using the N-gram model sheds new light on the users’ perspectives
and experiences in real-world EC buildings.

3.3

Representative Cases
To provide an in-depth systematic overview of EC building envelope design and integration,

three cases are selected based on their potential to represent typical EC building types and data
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Figure 3.12: Selected EC Building Projects for Representative Case Study
availability as shown in Figure 3.12. The representative case studies are conducted in three steps:
first describing the characteristics of the EC buildings, including the architectural design, the defined
design objectives or requirements, and the technologies and strategies for automatic operation of
EC. A variety of other information of the projects including EC related integration collaborations
between architects, contractors, and developers are presented as the second step. In addition to
the in-depth systematic review of each representative EC building case, the design and integration
practices are also analyzed for differences across the three cases. The representative case studies go
beyond a summary of EC projects by exploring and identifying problems, uncertainty, and knowledge
gaps in the current practices of designing and integrating EC glazing in building envelopes for future
research and applications.
This subsection presents the findings of each representative case study as they relate the three major
building types of EC applications:
EC Skylight of Firestone Library
Located on the campus of Princeton University, NJ, the Firestone Library is one of the largest openstack libraries in U.S. Under a major renovation, a rare book reading room was relocated to a skylit
atrium space. To prevent excessive daylight from damaging sensitive texts, EC glazing is used for
the skylight. In this case, the client has a clear visual requirement, which was then translated into
design objectives and quantifiable metrics by the architects. The librarians require that the indoor
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illuminance is to be maintained no more than 500 lux (46 foot-candle) at any given time.
• EC Design and Integration Process
(a) Reduce possible scenes for simulation. The architects calculate the EC scene for every
two weeks of the sun’s angular movement within the open hours of the space in Firestone
library (every two weeks). The simulation results are assumed to be symmetrical across a
year, therefore the calculations are transformed by the solstices axis instead of simulating
all seasons.
(b) Set a rule for dynamic behaviors of EC based on the simulations: any EC cell that
intercepted a ray which shed on the desks would have the darkest tint; rays hitting the
walls on the ground floor are set to 6% tint, then upper level walls are set to 18% tint,
and any EC glass does not intercept any daylight rays would remain clear.
(c) Four simplified weather conditions are considered in the simulations: sunny, partially
sunny, partially cloudy, and fully cloudy. Exterior-facing light sensors tell the system
which one of the four weather conditions to load at any given time, based on light levels.
(d) Control Strategy: the simulation results of each EC cell of the skylight are generated by
Radiance® and stored in a spreadsheet, and it was encoded into Sage’s control software
for the installation. The designed operational scene of EC skylight became embedded in
the installed control system.
• Performance Evaluation
(a) Simulation results for a total of 1400 EC scenes are generated, and indoor illuminance is
generally controlled under 460 lux, which balances the trade-off of blocking direct daylight
in summer and preventing unnecessary tinting for normal EC operations.
(b) The realistic daylight rendering and simulation concepts are approved by the clients.
The solar control strategy with EC skylight preserves the architectural aesthetic and
allows for responsive control. However, there is no formal post-occupancy evaluation
to verify whether the simulated performance has been achieved in real-world scenarios.
Additionally, since the large number of over-head simulation results are written into the
control system, the EC control system can not be easily adjusted to accommodate changes
afterwards.
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EC Curtain Wall of the Nashville Airport Concourse Building
The Nashville airport concourse building is envisioned as public space that provides natural daylight
and compelling views, public art installations. It features large areas of EC curtain walls with very
high ceilings. The architectural design is to keep a pleasant view and comforting atmosphere before
passengers get on their aircraft. The architects are also mindful of the energy efficiency problems
posed by the massive use of glazing building envelopes. Therefore, EC glazing is selected to provide
a dynamic solution to solve the western-oriented solar radiation problem without sacrificing the
beautiful scenery.

Figure 3.13: Daylight Simulation and Visualization of The Concourse Floor Plan

• Design and Integration Process
(a) This concourse project seeks to achieve the Leadership in Energy and Environmental
Design (LEED) certification by following its design framework for healthy, efficient and
cost-saving principles.
(b) designed to reduce carbon emissions, conserve resources and promote people’s health and
well-being inside the EC concourse building.
(c) Control Strategy: the EC manufacturer provided a generic pre-programmed climate control software, which is used for controlling the EC concourse building envelope system.
• Performance Evaluation
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(a) The EC integrated concourse building is rated as LEED® Silver by the Green Design
and Construction Certification System
(b) The daylight simulation for this EC concourse project was not possible at that time.
Conventional daylight simulation tools did not have the computational power to calculate
the daylight performance of large scale EC buildings. Theoretically for the 115,000 sqft of
floor area, there would be over 100,000 effective illuminance grid points to calculate, which
far exceed a normal RAM capacity and hard-disk space provided by commercial desktop
computers. However, the past decade has seen the rapid development of large-scale
daylight simulation tools and workflows, such as the cloud-based workflow 3.14 presented
by Mili and Paul [159]. Figure 3.13 is an example of daylight simulation visualization for
a similar concourse building with static glazing at San Francisco. The daylight simulation
of large-scale EC buildings remains a major challenge.
(c) The simulated energy consumption of the EC integrated concourse building is reduced
by 23% in comparison with static glazing.
(d) The generic control strategy for the EC curtain wall is expected to block out excessive daylight and solar heat for improving passengers’ visual and thermal comfort while reducing
glare and energy consumption. The owners’ feedback confirmed the dynamic functions of
EC curtain wall. However, the principal limitation of the existing EC system is the lack
of sensors to measure the actual operational performance data for further evaluation.

Figure 3.14: A Cloud-Based Simulation Workflow Using high-performance Computing
EC Window and Tubular Devices of San Jacinto College
The EC integrated instructional building is located on the Central Campus at San Jacinto College,
TX. On one hand, the high-performance EC envelope is one of the sustainable features for improving
building energy efficiency. On the other hand, electrochromic glazing is used to manage natural
daylight, glare, and occupant comfort in the atrium area, lecture hall, laboratories, and classrooms
for visual comfort as shown in Figure 3.15.
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Figure 3.15: EC Window Tint Effect in The Classroom at San Jacinto College
• Design and Integration Process
(a) The architectural design emphasizes the large areas of transparent EC building envelope
and puts its beauty on display. A dramatic two-story EC curtain wall for the lobby is
one of the highlights of the design. Many formal and informal daylit gathering spaces
are scattered in the building, where students can have better outdoor views and use the
indoor areas without shading or artificial lighting at the same time.
(b) Control Strategy: occupancy sensors and light sensors are utilized for controlling the EC
building envelopes automatically. Regulations of solar heat gain and glare are prioritized
in the selection of EC control strategy. However, no reference can be found as to what
specific EC control strategy is used. Additionally, the EC system is integrated with
artificial lighting system to reduce energy usage and the costs of lighting the building.
• Performance Evaluation
(a) The architects use simulation to determine daylight levels, glare, and energy consumption,
and the new construction building is modeled for green building standard compliance.
However, the performance information has not become publicly available up to date.
(b) Post-occupancy feedback about the EC building from the students suggests the new
EC building is a bright, comfortable, and amenity-filled place to study. The tubular
EC skylights bring desirable natural daylight into the corridor and the building’s core
area. The south-facing electrochromic glazing windows in the classrooms significantly
reduce glare and solar heat gains. The online evaluations in relation to the EC building
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performance are subjective and are therefore susceptible to possible sampling and recall
bias.
Cross-case Analysis
Based on the empirical case studies, it is clear that EC building envelopes prove useful in various
building applications. However, the actual effects of EC control strategies on building performance
have remained unclear. Despite the development of building simulation tools, there remains a paucity
of attempts to simulate and evaluate EC building performance with different control strategies.
In all three cases, the design and integration of electrochromic building envelopes are a series of
complex and error-prone processes. The computational complexity of daylight performance grows
exponentially with the number of independently controllable EC glazing panes. For example, the
process of simulating the dynamic daylight performance of the 72-pane EC skylight took two months
with several high-performance workstations. Architects are still exploring various approaches to
represent or model operational behaviors of EC building envelopes. These case studies highlight the
challenges architects face in dealing with EC design and integration. Despite significant time and
resources that has been invested in developing simulation tools and workflows, no general design and
integration framework has been established for EC building envelopes. The three major challenges
identified in the secondary data analysis and case studies are summarized as follows:
• There are obvious difficulties in simulating the EC building performance, especially for largescale application. The lack of compatible and reliable simulation tools is particularly problematic for quantifiable building performance evaluations.
• Even if the architects manage to get the simulation results for some predefined scenarios of
dynamic EC behaviors. The model and results are limited to the specific EC project and are
therefore not reusable. Architects tend to focus on one specific building project at a time, and
do not deal with the climate adaptation or other generalisability issues of EC control strategies.
• The EC building in the case studies fail to resolve the trade-off problem between visual comfort
and energy efficiency under certain climate conditions. It is questionable to expect both
daylight reduction and energy saving for the EC skylight at Princeton, NJ, especially in winter.
• These EC projects make no attempt to determine the relationship between sensor data and
EC performance. Therefore, it is unclear how effective the sensor-based EC control strategies
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are in real-world operations.
Systematic research is needed to increase our understanding of smart and sustainable EC building
envelopes, and address some of the challenges mentioned above.
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Chapter 4

Integration Demonstration of IoT
and EC
The problems identified in the case studies have lead to further investigations of the systematic design and integration of EC building envelopes. With limited capacities to sense, analyze
and respond to changes in the weather conditions and users’ needs, many traditional EC building
envelope systems are still used as isolated pre-programmed products without proper integration with
the design, technology, and existing building systems. A general framework is needed to describe the
enabling technologies around the dynamic glazing that really makes EC building envelopes smart
and sustainable. A natural progression of this building technology research is to integrate EC glazing with Internet of Things (IoT) technologies for solving the challenges mentioned previously and
maximize the potential of performance, utility, and scalability as EC buildings should have. The
development and preparation of a prototype IoT based EC system can provide formative knowledge
needed for improving the existing EC building envelope design and integration. In many previous
building envelope studies, prototype window-systems are developed for the purposes of demonstrations or experimentation [160] as formative research results. This study will also construct a
prototype system of IoT-based EC for first-hand experiences and generalizable knowledge about the
effectiveness of various IoT system constructs and orgnizational structures. Compared to existing
legacy building systems which are not designed for research purposes, a independently developed
prototype system is more useful at this stage since the integration research requires full access to
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all sensors, controllers, and other system hardware. Therefore, in this chapter, a prototype of IoT
based EC building envelope system is developed so that the author can directly commission it to
investigate the full EC-IoT integration process, to realize essential service and do experiments to test
different algorithms later. The process of IoT and EC integration documented here is tech-intensive
and comprehensive. It involves multidisciplinary developments to meet different requirements in relation to technical, architectural, and economical targets. The demonstrative prototype is expected
to be the optimal results of practical considerations for all relevant factors. This research presents a
complete integration process of IoT and EC technologies using the formative prototyping methods
for the IoT-based EC building technology studies. The prototyping system and demonstration prove
the concept of IoT and EC integration, explore and test technical solutions to show what is possible
with IoT based EC building envelope systems. This chapter was divided into four main parts:
• Description of project and site
• Implementation of an IoT based EC prototype system
• Discussion of assessment criteria
• Establishment of a general strategy in order to enhance future integration of IoT-EC in buildings

4.1
4.1.1

Description of the Project and Site
Major Objectives
This project is to provide a demonstration of an IoT-based EC prototype system, explor-

ing different IoT technologies, discusses assessment criteria and general strategies for future developments. The documentation of the prototype implementation and demonstration is useful to researchers, architects, facility operators, and users, in the field of smart building and high-performance
building envelopes.
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4.1.2

Architectural Models
Successful integration of IoT and EC building envelope system depends on proper rela-

tionships between the EC system and the building itself. For the demonstration purpose, a basic
architectural model is need to provide infrastructure for IoT and EC integration. Two units of a
scaled 2*2*2 cubic feet architectural model are built for this study. Figure 4.1 shows the design, ge-

Figure 4.1: A Detailed Axonometric Architectural Model
ometry, and materials of the architectural model. Two identical units of this architectural model are
constructed for comparative studies. The constructions details of the building units are described in
Table 4.1. The only difference between the two units are the windows. A static glazing is installed
on the left unit, while an IoT based EC window will be integrated on the right unit. The daylight
and temperature behaviors inside and outside the architectural models will be monitored.

69

Table 4.1: Specifications of Materials for The Prototype Building Units
Thickness

Building
Envelope

Material
Ply-wood
Electrochromic

Window

Glazing

to Wall

to Floor

Ratio

Ratio

4*8

-

-

-

1*1

4

0.25

0.25

4 Mode

Area(ft2)

Perimeter(ft)

1.5

4*4

0.75

(in)

Wall

Window

Surface

of Envelope

ID

Window

Surface

Dynamic
Behavior

Ceiling

Ply-wood

2

4

8

-

-

-

Floor

Ply-wood

2

4

8

-

-

-

4.1.3

Site Conditions
The site of our building models is located on the main campus of Clemson University, South

Carolina. Figure 4.2 shows the outdoor conditions.Two aspects of a site are assessed for IoT and
EC integration, namely the outdoor environment and weather conditions. The site is selected based
on several considerations:
• The site is located at peripheral area of Lee Hall building to ensure stable power accessibility
and wireless network connections.
• The site provides rain and safeguard protections against natural hazard and wild life.
• The shading from exterior objects would not affect the window areas.
• Local weather at Clemson is known for high temperature and solar radiation in summer which
make it ideal place for EC buildings.

4.1.4

Integration Requirements
Internet of Things (IoT) technologies with enabling sensing, processing and controlling ca-

pabilities have drawn scholarly attention for the potential to support smart building systems for
measuring and optimizing building performance. To integrate IoT technologies with the EC building
envelope in the prototype system, several techno-economic factors are considered, with requirements
defined as:
1. Real time sensor data collection for temperature and illuminance as input signals to continuously operate and evaluate the IoT-based EC system.
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Figure 4.2: Building Models located on Clemson Campus
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2. Demonstrative process of system installation and operations with maximized reliability and
minimized complexity.
3. Assessment of effectiveness of integration based on functionalities, alternative EC strategies,
measurements of daylight performance between the comparative units.
4. Discussion of critical issues including scalability, cost-efficiency for implementing the IoT-based
EC system.

4.1.5

Technical Constraints
The demonstration of IoT-based EC prototype system is limited by several technical con-

straints: absence of integrated HVAC systems and relatively short term EC operations. Thus the
prototype system does not support verification of energy saving potential of the IoT-based EC system in real-world scenarios. Due to the limited time to develop and test the prototype in buildings,
the long term performance of the IoT-based EC system remains an unresolved issue for future
investigation.

4.2

An IoT-based EC Prototype System
The implementation process of the prototype system demonstrates a systematic and multi-

disciplinary approach to achieve an feasible IoT-based EC building envelope solution that captures
the dynamic behaviors of the environment and control the EC building envelope accordingly. The
effectiveness of EC and IoT integration is evaluated by to what extent the prototype system fulfils its
previously defined requirements and overcomes real-world challenges. The prototype system of IoT
based EC is constructed following a four-layer architecture of the IoT based EC building envelope
system 4.3. This architecture is adapted from on a general building IoT architecture design [161]
with a lot of advancements, transformation and iterations to fit this particular EC research project.
At each layer of the architecture, core components of the system is constructed as shown in Figure
4.3.
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4.2.1

Fundamental Architecture for An IoT Based EC System
The integration architecture is designed to guide the prototype implementation and organize

the essential building blocks of an IoT-based EC system in four abstraction layers. Each abstraction layer focuses on a specific set of functionalities based on the separation of concerns principle
[162] which is a system design strategy for dividing a a large system into different smaller parts and
addressing a specific set of concerns or problems in each part.
On top layer of the system architecture, a set of services and applications are defined to support

Figure 4.3: IoT based EC Building Envelope System Architecture
interactions with different users of the system. In the second layer, the role of cloud platform is
outlined for the IoT based EC systems. The implementation process of database and control strategies are demonstrated in this subsection. In the third layer, we show how IoT sensors are selected,
installed and tested for EC building integration. Transformation of legacy control devices for IoT
based EC control is also documented. In the fourth layer, all kinds of connectivity solutions and
network topologies are explored. Lastly, we show how various elements of the IoT based EC prototype system cohere as a legitimate whole. The advantages and limitations are presented for each
building block of the prototype which will facilitate future developments of IoT based EC projects
in real-world scenarios.
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4.2.2

Service and Application Layer
The service and application components of an IoT based EC system are designed to create

practical values for the users and owners of EC buildings. In conventional EC building systems,
the users are not allowed to change pre-programmed control mechanism, and heterogeneous environmental data collected in buildings becomes meaningless without the consideration of integration.
IoT technology allows us to create values of fluidity and accountability of various services that
requires data and metrics. Based on analysis of users’ needs summarized in Table 4.2, we found
the transparency and availability of useful information and data was the first step for successful
application and services. So for the demonstration of IoT and EC integration, we meant to show
Table 4.2: User Oriented Services For An IoT based EC Building Envelope System
Services
Building Performance
Data Analytics
Control Accessibility
Operation Efficiency
Optimization

Building Owner

Individual Occupant

Operation Manager

Overall performance

Realtime performance

Long term performance

Centralized control

Individual control

Group autonomous control

Flexibility in

Reliability and effort

different scenarios

of maintenance

Time for Return
on Investment
Scalability

that connections can be made between different data sources, different control strategies are applied
to the EC, and services and applications are built using extensive capabilities that the internet of
things have. The prototype of IoT based EC system is expected to control daylight in response to
changing weather conditions as a smart building service. Three main services are developed within
this layer: (1) daylight and temperature monitoring service; (2) performance analysis of data; (3)
automatic EC control applications. In this case, different users have access to different services in
terms of monitoring, analysis to support decision-making, and automatic control of EC operations.

4.2.2.1

Monitoring Service
A monitoring website is created to provide performance visibility and data accessibility for

the first and second categories of users. The monitoring website visualizes the 24 hours sensor data
in dynamic line charts. The web interface is developed using HTML, PHP and Java Scripts. The
website includes an introduction to the first phase of project and the sensor monitoring records
from distributed sensor units which are updated hourly, allowing distantly observation of light and
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Figure 4.4: Screenshot of the Real Time Monitoring Website
temperature parameters.

4.2.2.2

Data-driven Analysis and Control Services
Data-driven analysis and automatic control are the essential services of our prototype sys-

tem. An automatic control service of IoT based EC is usually specific to the stated goals or requirements. Analysis is needed when there are several synchronous goals for a control strategy, some of
which are conflicting with each other under a particular application scenario. Therefore an encapsulation design[163] is adopted in dealing with the control service development. Encapsulation design
is a design theme of software development, which allow other parts of the system to work with interchangeable components with greater ease. Figure 4.5 shows the logic diagram for the encapsulation
design of control service implementation in the prototype system. It allows us to alter EC behaviors
to a selected interchangeable control algorithm. Unlike most hard-wired building control systems,
our IoT based EC prototype and control strategies are not binding together, which allow users to
make changes or add new control strategies to meet their own priorities. A number of automatic
EC control strategies are explored for iterations of the prototype system.
• Control Strategy Alternative 1: manual control strategy
With mobile apps and switch on the wall, people now can control EC directly or remotely
through various event-triggered manual mechanism. The users are positioned on the front
of control and become an active part of the loop. This mechanism usually involve manual
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Figure 4.5: Control Process Diagram
operation and can override automatic operations. But daily EC operations for large building
settings can be intensive. Manual mechanism becomes inefficient in term of time and effort
from scaling perspective.
• Control Strategy Alternative 2: schedule based control algorithm
The sequence of digital timestamps is used as input signals to calculate the tint levels of EC
building envelope. Schedule based control mechanism is frequently used in offices, commercial
buildings and classrooms where routine activities are performed and the control accuracy is not
the highest priority. Figure 4.6 shows a schedule based control strategy for EC to be turned
on in office hours.
Figure 4.6: Example of Schedule based EC Control Strategy

• Control Strategy Alternative 3: sensor based control algorithm
The sensor involvement becomes the pivotal moment of transformation to the building IoT
paradigm. Figure 4.7 shows a control strategy based on solar radiation sensor. EC tint selection
is made based on pre-defined rules or exhaustive search of simulation database. If the EC acts
completely on the basis of sensor signal, the system is known as a open-loop non-feedback
control system. Due to the rudimentary knowledge of the building environmental behaviors,
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manufacturers choose sensors based on empirical evidence. This control mechanism does not
optimize for multi-objective performance, nor engage any users.
Figure 4.7: Example of Sensor based EC Control Strategy

• Control Strategy Alternative 4: machine learning control strategy
A machine learning model is trained using simulation data. The machine learning model is
then used to perform computations and generate predictive signals when real time sensor data
is given as input. Combining real time sensing technology and machine learning model, a close
loop control mechanism[164] is formulated.

4.2.3

Data Platform Layer
A data platform works as a hub of data acquisition, storage, processing, and delivering. The

data platform implementation of our IoT-EC system not only depends on the type of data being
collected and used, but also the database services.

4.2.3.1

Data Format and Flows
The data format and flows are considered to support the services of the prototype sys-

tem. We gather the environmental data that address the the needs of monitoring, EC control, and
evaluation.
• Project meta data: the composition of the physical building models which encompasses nested
layers of building parameters, like orientation, structure and insulation materials.
• Sensor data: time series sensor measurements of building environmental performances and
system behaviors.
• Simulation data: the Energy plus and Diva simulation results as the basis of simulation related
control algorithms.
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Figure 4.8: Sample Data Format After Processing
Figure 4.8 shows the sensor data format implemented on the Firebase® console, the structured data
item has sensor tags, namely ll(left room light sensor), lt(left room thermal sensor), rl(right room
light sensor), rt(right room thermal sensor). A unique epoch timestamp tag is added to this table for
each string packet received as its index. The format is designed to allow searching, sorting, cleaning,
transforming, modeling by time, sensor nodes and sensor channels later for data analysis. The goal
of collecting these data is to identify time-varying correlation among these variables and to provide
control strategies for optimizing building environmental performance outcomes.

4.2.3.2

Database services
Our sensors and controllers are spatially scattered, therefore a data platform is needed to

gather and aggregate all types of environmental and building performance data. It’s critical that
different sensors and controller of our prototype system can communicate and collaborate on the
synchronized database in real time. Another decision to make is weather or not to own the silicon,
in another word, to physically own the data center hardware in our system to support our IoT based
EC building services. As in the prototype system, we have three sensor-integrated micro-controller
units which use the same protocols and language, the total amount of data we are dealing with
during the prototype implementation period is still manageable with the internal memory of the
Raspberry Pi® we use. However in the real-world building IoT application scenarios, there are a
growing variety of data in the buildings, whether that’s environmental sensors, HVAC control, or
different kinds of alarms, water, occupants’ interaction data. A centralized data platform enable
us to communicate with the database in certain ways based on integrated protocol standards and
middle-ware. These time series data flows are growing exponentially over time. So the data platform
needs to be able to scale up efficiently. Therefore, online data platforms are more suitable for general
IoT based EC building envelope system. A real-time database is built on the cloud platform, Google
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Firebase® instead of a local data warehouse for the following benefits:
• The online storage that cloud data platforms can provide is theoretically limitless, the only
limitation would be the price you would pay for the storage.
• The cloud data platform gives the future-proof flexibility in scaling up and scaling down the
EC building automation services without additional cost.
• The cloud platform provides powerful tools for developing applications, hosting web services
and conducting analysis.
• The public authentication protocol provides reliable and secure access to the cloud contents.
Implementation of Database
Figure 4.9 shows how real time sensing data is stored on our online data platform, the database are
available in real time so that the analytical and control algorithms can get them as input to provide
services.

Figure 4.9: Implemented Online Database

4.2.4

IoT Infrastructure Layer
The IoT-EC system includes a variety of instruments, providing direct sensing inputs and

controlling outputs[165]. An IoT based sensing system for our building models and controlling
system for the EC glazing. To begin, we need real time sensing data from photoelectric sensors and
thermal sensors to quantify the daylight and temperature scenario inside and outside the building
model. To achieve this, we incorporate the sensors to three micro-controller boards, which report to
the local server, a Raspberry pi. After we established a local network using ESP8266, we were able
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to collect all sensor data needed in different spaces and sending them to cloud server for monitoring
using cellular connection. We choose to develop the database on Google’s Firebase® platform, and
use it to host and support the real time monitoring website. Figure 4.10 shows how components
are integrated in the prototype project, and the connecting lines with arrows represent directions of
data flows. For the software design, the object-oriented software design framework [166] has been

Figure 4.10: IoT Based EC System Block Diagram
adopted to guide software development for the IoT-based EC prototype system. The first step is
to implement all system attributes, variables and basic functions and lay the groundwork for high
level of services. In our object-oriented software design, the classification of different attributes,
methods and their interactive relationships is established as shown in Figure 4.11. The design
decomposes the operational scenarios of the EC prototype system into different abstract classes,
and depicts the logical interactions in such a way that allow reuse and amelioration. The graphical
notations are created for facilitating communication among the designers, developers and system
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engineers. Syntactically, the whole software system is coded in python, the attributes of each
objects are declared and initialized following the constructs of the prototype system for further
references and operations. The software implementation may be unique to each IoT-based EC
projects, and alternatives software designs should be tested to ensure compatibility with hardware
of each IoT-based EC system. Caution is advised when non-specialists are learning to build software
to operate IoT-based EC systems. While scripts are provided to allow readers to understand our
IoT-based EC software implementation, software used by this prototype system should be only seen
as proof-of-concept development case, and future research is needed to develop advanced software for
mainstream use. Software programs are developed on Raspberry Pi® which connects to the sensor

Figure 4.11: Conceptual Class of IoT based EC Building Environmental System
units, updates cloud database, and send output commands to EC controller. In the prototype
system, these programs for address, packet transformations and data transmission are written using
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Python programming language. Python scripts are attached in Appendix B.

4.2.4.1

Sensors and Controllers
For an IoT based EC building envelope system, selection of sensors is critical for successful

integration. Effective range and sensitivity are key properties when it comes to scientific measuring.
The selection of IoT sensors for the prototype is described in Table 4.3 as an example. There is some
Environmental Features

Manufacturer

Effective Range

Accuracy

Temperature

SHT85

0-50

0.1

Illuminance

TSL2591

188-88000

0.01

EC tint level

SageGlass

0-3

1

Table 4.3: Specifications of IoT Sensors for EC Building Envolope
flexibility in sensor selection given considerations of the IoT-EC integration context. For instance,
our sensors record two environmental variables, namely temperature and solar radiation. However, a
strong correlation between the solar radiation and illuminance level is identified in the local historical
weather data. Therefore, in the prototype project, the illuminance sensors are selected to replace
expensive solar radiation sensors with numerical transformation using the validated correlation coefficient. Other sensor related integration factors including the physical conditions and durability are

Figure 4.12: Correlation Between Diffused Horizontal Radiation and Diffused Horizontal Illuminance
also considered when the prototype system is implemented. For example, communication frequency
issues that affect the accuracy, sensitivity and useful range of IoT sensors include temperature and
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humidity. If the sensors are exposed in extremely cold or hot temperature conditions, or exposed to
water or vapor in the field, the effectiveness of measuring data will be affected.
It’s worth noting that there are a lot of good sensors for environmental monitoring purposes and

Figure 4.13: IoT Sensors and Controllers For the Prototype System
many are good enough for many basic applications in buildings. But in order to achieve the best
possible accuracy, a sensor should be calibrated in the system where it will be used during the
implementation process. The simple reasons are: sensors are susceptible devices. Sample to sample
manufacturing variations mean that even two sensors from the same manufacturer production run
may yield slightly different readings. It is possible that two different sensors of the same type may
respond differently in similar conditions. Indirect sensors are especially susceptible to malfunction
since they are designed to calculate measurements based on one or more actual measurements of
some different, but related parameters. Sensors subject to heat, cold, shock, humidity etc. during
storage, shipment and/or assembly may show a change in response. Some sensor technologies have
depletion issues and their response will naturally change over time requiring periodic recalibration,
especially for long term usage. Digital Conversion of Legacy Control Devices
Another challenge of EC-IoT integration is that the existing control devices does not support digital
control. Until recently, most EC control interfaces are not publicly accessible, and they are not
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connected to any building management platform. They are manufactured as independent products
which are not designed to be connected to the internet. with the non-digitized controllers, the EC
building envelope is not able to operate automatically and respond to sensor signals in real time.
Digital conversion of legacy control devices also promise extra value of accessibility to different user
groups within the network. Redesign and rewiring procedures of the EC controller are demonstrated in Figure 4.14. In the prototype system, the electrochromic glazing sample is obtained from

Figure 4.14: Redesign Switch With Both Digital and Manual Override Control Capabilities
SageGlass® , and the original manual switch includes control buttons, LED indicators and a controller board. To realize digital control for EC, a contact closure is added to emulate the button press
on the controller following reference schematics available for the 20-pin header of the switch. We
use another device in between with protection diodes, but functionally the switch can be controlled
without the middle-ware. The other alternative is to use RS-232 relay to control EC. There are
Transistor-to-Transistor Logic (TTL) level signals on the same header. The level converter interface
is needed for this implementation approach. With the converted switch, the prototype system can
be control without pressing any buttons, but by a digitally controlled contact closure between either
the TINT or CLEAR signals.
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4.2.4.2

Connectivity and Network
The connectivity and networks for inter-layercross-layer communication are discussed in

this subsection. Networks are an integral part of the IoT based EC building system. Two types
of networks are discussed based on empirical experiences of prototyping: local network within the
building environment and the network for IoT-based EC building services.
Inter-layer Network
When we talk about local network, we refer to LAN/PAN(Local area network/Personal Area Network). What we want from local network is the ability to allow devices to communicate within a
relative short range. Here we compare three local network protocols before integration: Wifi, Bluetooth and ZigBee. Although all three enable wireless communication, there are distinctive nuances
in terms of their purpose, capabilities, and topologies. For example, the number of devices connected
by Bluetooth are limited at any one time, whereas there is no limit to the number of devices which
Wi-Fi can connect in theory. In addition, we can see the trade-off between power and range, or
power and speed when comparing the capabilities of Bluetooth, Wifi and ZigBee protocols.
Connectivity for IoT-based EC services
Table 4.4: Comparison of Wifi, Bluetooth and ZigBee Protocols [2]
Standard

Wifi

Bluetooth

Development Year

1991

1994

2004

IEEE, WECA

Bluetooth SIG

IEEE

2.4 GHz

2.4 GHz

2.4 GHz, 868 MHz, 915 MHz

Channel Bandwidth

High (11 Mbps)

Low (800 Kbps)

Low (25-250 Kbps)

Power Consumption

High
Wireless adaptors on all

Low
BT adaptor on all

Low

Hardware Requirement

devices of the network,

devices connecting

wireless router

with each other

Specification Authority
Frequency Band

Normal Range
Network Topology

ZigBee

ZigBee adaptor on all
devices connecting each other

<100 m

<10 m

10-100 m

Point-to-hub

Ad-hoc, peer-to-peer, mesh

Ad-hoc, peer-to-peer, mesh

For the prototype system, the suitable connectivity network should provides internet connections to
sensors, controllers and the EC device. Four major factors are considered for choosing the network:
1. coverage for the site; 2. data volumes to handle the data generated by the system; 3. cost of
the connection services ; 4. power optimization, which is optional in the prototype, but critical
for scalability of IoT based EC systems. Table 4.5 lists six common possible solutions for EC-IoT.
LoRaWAN and NB-IoT belong to a family of low-power wide-area network technologies designed
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Figure 4.15: ESP8266 WIFI Module For Inter-layer Network Connection

Table 4.5: Alternative Options for Internet Connectivity [3]
Protocol

Optimized for
Low Power

Range Limit

Data Rate

Spectrum

LoRaWAN
NB-IOT

Yes
Yes

>10 km
>10 km

<50 kpbs
<200 kbps

unlicensed
licensed

2G/3G

No

>30 km

<2 Mbps

licensed

4G

No

>30 km

>100 Mbps

licensed

5G

No

>30 km

>10 Gbps

licensed

Wifi

No

<100 m

Flexible

licensed
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to allow long-range low-data communications. Cellular Networks from 2G to 5G is used in long
range, high data rates, and high energy consumption cases. Higher frequency means higher speed of
information transmission. Especially now, 5G is anticipated to cover about 60 percent of the global
urban areas by 2026 [167]. After testing all network options, we decide to use on-campus Wifi for
supporting our EC-IoT prototype system. Our priorities are the connection reliability and economic
feasibility. Another issue with LPWAN is the fact that remote access and maintenance require much
higher data rate than daily operations. Since our project is located on Clemson campus, we choose
to use the Wifi connectivity network that the university provides. Proximity to the building turn
out to be a critical factor when considering the network integration problem.

4.2.5

Building Environment Layer
In the building environment layer, we describe the characteristics of the physical building

models for the IoT based EC system, sensor spatial layout, and outdoor environmental conditions.
Then we compare the observations and measurements for the integration alternatives to explore
relationships between the IoT-based EC system and building environment. Sensor measurements
provide the ground for building performance representation and modeling. In our prototype system,
a thermo-couple sensor is placed at the corner where it can measure the indoor temperature with
minimal interference, while the daylight sensor is located at the center of the window view area shown
in Figure 4.16. The sensor unit consistently measure the environmental conditions and provide data
for analysis and operations. Theoretically, finer sensor grids are more fault-tolerant and can cover
larger areas. However, In the prototype system, the indoor space is confined, thus we focus more on
developing a thoughtful and reliable sensor plan for collecting effective data.
Spatial Location of Sensors
Outdoor Environmental Conditions
The outdoor environmental conditions or activities can affect the accuracy and reliability of sensors,
which consequently affect EC building performance. A set of arrangements are set up for the
prototype system. Adjacency to the power and internet, absence of large areas of shadows and
access issues are prioritized in the site searching. We were not able to ensure the right outdoor
conditions when EC operates on the first site as shown in Figure 4.17. Therefore, the prototype
system was moved to the third level of Lee Hall as shown in Figure 4.2.
87

Figure 4.16: Building Sensor Locations

Figure 4.17: Physical Models and the First Site Outdoor Conditions
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4.2.6

Demonstration
The daylight and temperature sensors’ measurements are demonstrated in Figure 4.18. Mea-

surements of IoT-based EC integrated unit (blue line) is compared with static glazing unit (yellow
line). On average, the temperature measurements of the two units are not statistically different. We
also switch the sensor units, to cross test the accuracy of these sensors. In summary, it has been
shown in the demonstration that the daylight illuminance in the IoT-based EC prototype system unit
is effectively controlled within visual comfort range (300-500 lux). Periodic variations are presented
in the daylight measurements of static glazing unit. The results holds true for the environmental and
weather conditions during the short term demonstration, including conformity with the prototype
system, error tolerance and data analysis tools.
The demonstration of the prototype system is provided as a formative evidence for effective inte-

(a) Temperature Sensor Measurements

(b) Daylight Sensor Measurements

Figure 4.18: Sensor Data for Daylight and Temperature
gration of IoT-based EC in real-world built environment and weather conditions. A comparison of
the two units (with and without IoT-based EC system) reveals the effectiveness of IoT based EC for
daylighting control. While this prototyping study is conducted within specific technical and time
constraints about the IoT based EC prototype system and site conditions, the architecture design,
the exploration of technologies and standards, and the implementation details are demonstrated as
a systematic process, so that future IoT-based EC projects can reference, adjust and improve the
integration and operations of IoT-based EC building envelopes systems.

4.2.7

Assessment
There are numerous ways to construct an IoT-based EC building envelope system as shown

in Figure 4.19. The prototype system is used to test alternative control strategies and different technology solutions for each system components of EC building envelop systems. References are made
based on the assessment and discussion of the two constructed comparative units and alternative EC
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Figure 4.19: Alternative Integration Solution Space of IoT based EC Building Envelope Systems
control strategies. These alternative building envelope systems are assessed against the pre-defined
integration requirements and analysis of theoretical potential.

4.2.7.1

Functionality
The prototype system of IoT-based EC building envelope is compared against the static

glazing unit, an alternative EC integration solution with manual control, and another alternative EC
integration solution with rule-based semi-automatic EC control as shown in Table 4.6. A specific list
of eleven functionalities are checked with these different building envelope technologies and system
design. The function of sensor measuring determines whether a building envelope system has the
capability to perceive the environmental changes within the space and time. The static building
envelope unit can not respond to any sensor measurements, while the dynamic performance of EC
depends on the sensor measurements and handling of the information as shown in Figure 4.20.
Thus, sensor measuring is regarded as an indispensable function of the EC system. The second
essential function of EC building envelope system is active controlling. There exist an extremely
wide spectrum of control functionalities, from manual control, rule-based control, up to IoT-based
control. The three types of EC control systems (EC with MC, EC with RC, and EC with IoT) all have
their advantages and disadvantages. The detailed assessment of the different control functionalities
provides a reference about what types of control functions people would wish to have in their specific
EC building envelope projects. From Table 4.6, it can be said that the rule-based EC building
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Table 4.6: Functionality Anlaysis of Four Alternative Building Envelope Systems (EC: electrochromic glazing; MC: manual control; RC: Rule-based Control; IoT: internet of things technology
and protocols)
Functionality

Alternative Building Envelope Systems
Static Glazing

EC + MC

EC + RC

EC + IoT

Sensor Measurements

-

-

✓

✓

Operational Records

-

-

-

✓

Automatic Control

-

-

✓

✓

Remote Control

-

-

-

✓

Multiple Control

-

✓

✓

✓

Control Customization

-

-

-

✓

Evaluation Analysis

-

-

-

✓

On-site Maintenance

✓

✓

✓

✓

Remote Maintenance

-

-

-

✓

Interoperation Protocols
In-Network Data Sharing

-

-

-

✓
✓

envelope system is similar to IoT-based EC system, especially if both systems rely on sensors.
Compared to EC systems with rule-based control strategies, the integration of IoT and EC allows
a higher degree of flexibility for customization, interoperability with other systems, and scalability
with open protocols and shared data.

Figure 4.20: Process of Measurement

4.2.7.2

Complexity and Reliability
From the static glazing building envelope to the IoT-based EC building envelope, a straight-

forward observation would be the complexity and reliability of the systems are inversely related as
shown in Table 4.7. The elements and paths of each building envelope system are enumerated, the
Qn
probability of reliability is calculated based on the reliability estimation equation P = i=1 (1 − δi )
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[168] [169] where n represent the number of nodes and paths of the system, and δi represent the
probability of failure for ith node or path of the system, assuming combinatorial dependencies in
the system.
From the reliability perspective, the assessment of the IoT-based EC system shows the negative asTable 4.7: Complexity and Reliability of Four Alternative Building Envelope Systems (δi : probability
of failure for ith node or path of the system; EC: electrochromic glazing; MC: manual control; RC:
rule-based control; IoT: internet of things system)
Complexity
Sensor Nodes
Control Nodes
Local Connections
Internet Connection

Alternative Building Envelope Systems
Static Glazing

EC + MC

EC + RC

EC + IoT

Daylight

-

-

1

2

Temperature

-

-

1

2

Manual Switch

-

1

1

1

Digital Relay

-

-

2

2

Sensing Path

-

-

2

4

Operating Path

-

-

1

1
1

Database Path

-

-

1

Monitoring Path

-

-

-

Reliability

(1 − δ)

-

Q9

i=1 (1

1
− δi )

Q14

i=1 (1

− δi )

pect of the new technologies and complex building envelope systems. But this will not the reason to
hold back from the advancements of IoT and EC building envelopes. The reliability of static glazing
building envelopes does not cancel out its unsatisfying performance and functional defects. From
the case study and prototyping demonstration we know that benefits in terms of functionalities and
performance are perceived for proper functioning of the systems. The prototype system of IoT-based
EC provide a complete set of functional components to run the core IoT based EC control services
with real-time sensing data for several weeks. With the cloud data platform development, we can
get timely feedback from the system and analyze temperature, daylight and user behaviors to detect
possible problems actively. This is not to say that we can totally rely on sensor data. Another possible reliability problem identified during implementation of the prototype systems is the tendency
to over-trust online data and neglect of automation bias. With much room for improvements, future
work is needed to control the complexity of IoT-based EC building envelope systems and increase
the reliability for large scale applications.

92

4.2.7.3

Scalability
The primary goal of IoT and EC building envelope integration is to facilitate the formation

of an scalable intangible network comprised of a large number of EC devices, building environmental
systems and users with identifiable digital locations and connections. So two groups of subjects are
involved when it comes to the scalability of the IoT-based EC prototype system, namely the nodes
of the ”things” and the paths of network connection. If we talk about scaling up the number of EC
devices, sensors, as well as users, they are digitally identified as unique nodes of ”things”. There
is no order-of-magnitude difference of the nodes between IoT-based EC building envelope system
and other alternative EC systems, even higher in the total number of hardware devices needed for
additional sensing and operational functions. However, the scaling potential of network connections
built upon the existing and affixing devices, systems and users is determined by topology of the
network for IoT-based EC. The upper bound number of possible connections C =

N ∗(N −1)
2

for

all N nodes are connected to each other as a full mesh network topology. Static and conventional
standalone EC systems are not able to provide such capacity and flexibility since they are constrained
by the fixture and wires. For some large scale electrochromic glazing projects, such as the one
on Netflex® campus and Nashville airport, there are literally tens of thousands of EC windows
to operate, and hundreds of schedule or maintenance tickets that come in weekly for the facility
operators. Without flexible automation and remote diagnosis services, the facility managers would
not be able to operate the EC systems efficiently for different performance goals, such as energy,
glare and schedule issues. Without IoT technologies, the legacy building control systems would not
able to involve users efficiently. Authorized users can find their path to reach the IoT-based EC
system for adjusting the daylight according to their individual visual comfort needs or to work with
their schedule in a single office, or with large scale EC facilities overall. It’s critical to allow data
flow in the network of IoT-based EC building envelope system to improve the building performance
by working with nature, and improve building experiences by engaging the users[170]. To really
assess the extent to which the IoT-EC Integration methods demonstrated in this study can scale in
real-world scenarios, there are some other factors worth noting:
1. Socio-economic trends, such as surging fuel prices, large scale urbanization and GDP growth
all contribute to the increase of needs for energy efficient and smart building envelopes. The
costs of EC materials and sensors are going down with a growing number of innovations in
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smart building technologies.
2. Geographical factors, which relate to regional weather conditions, climate change and energy
sources. They will determine the applicability and net economic value of energy saving of the
IoT-EC systems.
3. Regulation and incentives, which are powerful political interventions influencing the building
industry for a certain period of time. They play a major role in adjusting the market values
of IoT and EC technologies.
4. Existing workforce conditions, which refer to the architects, contractors, manufacturers, developers, educators and researchers. A vertically and horizontally integrated structure of
workforce is needed to scale the IoT based EC buildings.
5. Existing technical conditions, there are several technological directions to push the IoT-EC
system forward: a) innovations of EC materials to increase energy efficiency and realize wider
daylight spectrum modulation capability; b) innovations of sensors to improve the accuracy,
range and reliability of measuring; c) innovations in EC building design, simulation and integration methods; d) innovations of EC-IoT enabled services to enrich spatial user experiences.
More attention has been focused on integrating building subsystems to improve the performance and create novel services[171].

4.2.7.4

Interoperability
The assessment of interoperability between the IoT-based EC system and other building

environmental systems focuses on the performance goals, the required sensor data, the technical
compatibility and scenarios which these systems are used. Three candidate systems are listed below,
and their specific characteristics are described. Interoperability levels are estimated based on how
efficiently these systems collaborate together. This results presents a methodology for identifying
new possibilities and barriers of interoperability with the IoT-based EC system.
• IoT-based EC and HVAC system By reducing the amount of solar heat gain that gets
in the building, especially in summer, the IoT-based EC can help alleviate peak loads of
HVAC system in cooling dominant areas. The required sensor data, operational process and
performance goals may not align when the weather condition is cold and solar radiation is low.
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Therefore, the interoperability of IoT-based EC and HVAC systems depends more on extrinsic
climate conditions.
• IoT-based EC and Artificial Light There is a beneficial complementary relationship between the two systems. With a common goal for improving visual comfort, interoperations can
be designed to avoid any excessive or insufficient daylight problems. The past few years has
seen the rapid development of smart artificial lighting devices and mature integration models. It is expected to see a high degree of interoperability between IoT-based EC and smart
artificial lighting system.
• IoT-based EC and Dynamic Shading devices Both are part of the building envelope
systems, and compatible in terms of required sensor data, performance goal even control
strategies. Challenges in the technical layer where the growing number of devices and services
lead to higher rate of mechanical failures.

4.3

Conclusion
The formative prototype study is the second phase of this applied research project which

includes design and implementation of the IoT based EC in building envelopes. It focuses on
determining the high level requirements, design options, implementation process and pre-test sensing
data collection for time series analysis in a relatively short time frame. A prototype is an early model,
or a release of a product or program built to test a concept or process or to serve as a thing to be
referenced or learned from. Rather than general product development, the goal of research prototypes
is to explore and test new concepts or technologies that related to research questions or projects [172].
Prototyping is different from experimenting. Experiments provide feedback on the targeted system
performance after the system has been fully implemented, while prototypes explore the development
and implementation of each components and alternative design of a new system. The emphasis of this
research is on the formative knowledge of IoT-EC integration and comparison of alternatives. The
prototype helps validate the key concepts of IoT based EC building envelope system integration [173].
High-performance IoT-based EC building envelope systems require successful design, integration,
and evaluation. The prototype study explores alternative system design and implementations for
identifying integration opportunities and barriers. Based on experience from building the prototype
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system, we assess key issues regarding to how IoT technologies can empower EC building envelopes
for large scale deployment, inter-operations with other dynamic building environmental systems for
multi-objective optimization, etc. A summary of the conclusions is presented as listed:
(I) Prototyping is an effective way to rapidly test the basic ideas and assumptions behind integrating new building technologies and materials. The IoT-based EC prototype system developed
in this study provides a concrete example and proof-of-concept demonstration of integration
between IoT technologies and EC building envelope.
(II) The IoT technologies improves the transparency of the system performance. With IoT sensors
measurements, the environmental conditions and EC behaviors are accurately and effectively
captured. Data platforms (Firebase® ) for IoT-EC building system provide various services for
data acquisition, storage, processing, and mining.
(III) IoT-based EC building envelope systems provide more functionalities in terms of sensing,
computing, control and maintenance by increased data flow in the system and through the
internet.
(IV) IoT technologies improve the interoperability with other environmental systems. The interoperability depends on the relevance of performance goals, the required sensor data, and extrinsic
climate conditions. With shared IoT protocals, different systems can communicate through
public interfaces, and new services can be created.
(V) Integration of IoT and EC in buildings may cause increased complexity and reduced reliability,
assuming combinatorial dependencies of each components in the system. From the reliability
perspective, the assessment of the IoT-based EC system shows the negative aspect of the
complex building envelope systems.
(VI) IoT technologies improve the technical scalability of EC building envelopes. The IoT network
4.15 supports various topologies which hard wired solutions can not. The marginal costs of
adding extra units (nodes or paths) are reduced with IoT-based EC compared to other building
envelope systems. Here, marginal cost refers to the incremental cost for adding one more unit
of EC to the system, or delivering one new service to users. Building owners and managers
will gain economic advantages of scale when it increases the value of IoT services and reduces
per-unit cost of operations, optimization and maintenance.
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What IoT technologies can bring to EC building envelope systems is to support data-informed,
performance-driven services, to scale efficiently at low marginal cost, and to communicate and interoperate with other building environmental system.

4.4

Discussion
The prototype study involves a lot of decisions-making on system design and implemen-

tations for the IoT-based EC prototype system. First the performance based requirements are
analyzed in order to translate them into system design directions, and defined tests to make sure
these requirements are met. Users’ stories and interactions with EC from the case studies are analyzed to summarize high-level prioritised requirements and specify the requirements. The detailed
requirement analysis and implementation plan help to define the scope, clear the directions and set
up appropriate degrees of control for the project to evolve the detail while allowing comparison of
alternatives and possible changes to be made in the future. The prototyping method is the combination of performance-based design and test-driven development framework. During the prototyping
process, the four layers IoT architecture is created to guide implementation. Many operational problems emerge through the implementation process of the prototype system, such as sensor failures
and connection failures, which also suggested the risks of integrated IoT-EC system in real-world
scenarios. Therefore, sensors and network instruments should be carefully examined to reduce the
possible error introduced to real time database and malfunctions. To identify these problems in the
first place, a real time monitoring website with basic fault detection functions is needed for future
research project. It can be expected that a considerable reduction in the time needed for detecting a
technical failures during long term operations. However, it seems more difficult to detect the failures
which are not obvious or counter-intuitive. The sensor data and EC operations data for alternative
building envelope systems are also used for later assessments. The sensing and detecting functions
evolve as the project progresses. And more test cases and experimental data are needed for further
evaluations of challenging scenarios and long-term building performance. Learning how to create
the IoT-based EC prototype system and how to collect, process and visualize the sensing data allows
us to understand how each subsystem works and make progressive steps towards the successful integration of IoT technologies and EC building envelop systems. We developed 7 principles of how to
integrate IoT technologies with EC building envelope system as a empirical guideline for architects
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and system developers who are interested in IoT-based EC building envelopes.
• Analysis of the location and climate conditions can help determine if IoT-based EC building
envelopes are suitable for a specific building project. Geographical features, like the longitude,
latitude, altitude, and climate variables, like temperature, direct normal radiation, and diffused
horizontal radiation, will have great influence on the actual EC building performance.
• Having clear performance goals is critical as to the use of IoT-base EC building envelopes. The
value of proposition is important in selection of new building technologies and materials. If
the visual comfort and energy efficiency performance indicators are well-defined, or the project
is expected to achieve LEED certifications, the IoT-based EC will be the best option for these
clients and architects.
• As to the selection of IoT sensors, the two most important properties of IoT sensors are:
precision and reliability. We need to make sure sensor will always produce the same output
for the same input. All measurement systems are subject to random noise to some degree.
Measurement systems with a low Signal to Noise Ratio will have problems making repeatable
measurements. Most temperature measurements can be affected by thermal gradients between
the sensor and the measurement point. Light and color sensors are subject to spectral distributions, ambient light, environmental reflections and other optical phenomena. To ensure
our sensors generate repeatable measurements with good precesion, we have to calibrate them
regularly. There are some standard sensor calibration procedures. The first thing is to chose
the correct calibration reference. As to temperature, it is important to get accurate readings
in some standard units, a standard reference to calibrate against would be a calibrated sensor
which should be convenient to use. Since we have paired sensors at the two building units, the
calibrated one can be used to make reference readings by comparison. Some laboratories will
have instruments that have been calibrated against industrial standards. The sensors we use
are calibrated against the reference in specification documents. Any correction factors that
need to be applied to the outputs are considered as well. For example, we compare the temperature sensors to a physical standard thermometer. Reasonably accurate physical gauges
can be used as standard references for some building environmental sensors.
• The performance of EC glazing materials depends on how we use them. The selection of
EC control strategies is critical. There are a considerable number of manual, schedule-based,
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or rule-based control strategies for EC building envelopes. These control strategies are not
optimized in terms of visual comfort and energy efficiency. However, the availability of different
control strategies increases the application scenarios of EC building envelopes. With the IoT
infrastructure, our prototype system can switch between different control strategies to meet
different requirements.
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Chapter 5

Evaluation of EC Performance in
16 Climate Zones
In this chapter, a nation-wide evaluation of the EC performance is presented using simulation
data for two comparative office building models. To ensure optimal EC performance of visual
comfort and energy efficiency, the validated Compare-Based Strategy (CBS) [21] is implemented
through the new Dynamic Sequence Modeling method to realize parallel simulation of daylight and
energy with dynamic properties of EC glazing. The climate-varying EC performance and analysis
are demonstrated as a national profile. Regional differences and boundary conditions are discussed
to explore the spatial patterns emerged from the evaluation maps. To investigate the constrained
multi-objective optimization of building performances, a set of trade-off models are established as
a reference for setting the priority parameter of EC control strategies to leverage improvements in
both energy efficiency and visual comfort in different climate conditions.

5.1
5.1.1

Simulation Workflows
Weather File
First introduced in 1998 and updated regularly, the designation of 16 climate zones in the

U.S. was established by the Department of Energy as part of the International Energy Conservation
Code (IECC) which dictates many current energy efficiency measures related to the building envelope
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[174]. The weather dataset of 51 representative cities for 16 climate zones are used by building
designers and others for modeling building environmental systems [175]. The weather files we used
are a subset of TMY3 data from the National Solar Radiation Database, each represents a collation
of climate conditions for a specific location, sequencing hourly average values of meteorological
conditions for a year.

5.1.1.1

Building Description and Simulation
Given the sample weather files throughout the U.S., daylight simulation with the modeling

tool Diva ®, and energy simulation with EnergyPlus®[176] are conducted with our modular office
building models using a new computational process introduced in this paper and called Dynamic
Sequence Modeling (DSM). Optimal EC mode for the simulated conditions are derived as classification labels with predefined evaluation metrics. To investigate the trade-offs of energy and visual
comfort performance, a priority parameter β is introduced to establish a family of trade-off models.
The simulation conditions includes three key components: the building model characterization, the
specification of glazing properties, and the evaluation metrics [129].
Our building model characterization includes three major aspects: the architectural form
and design, the construction fabric, the equipment and environmental systems (HVAC) [177]. The
modular office building model developed for this energy and daylight simulation study assumed a
single south-facing office with adiabatic interior walls, ceiling and floor in a small office building
configuration. This setting allows for focusing on the impacts of EC control strategy, ignoring
convection of interior walls or floors. With a net floor area of 153 square feet. The modular office
building model is presented in Figure 5.1.
This simulation study does not intend to look into any architectural design factors which may
have great impacts on building performances. The same building construct and system setting are
applied to all 16 representative climates. We deployed 0.25 window-to-wall ratio and 0.16 windowto-floor ratio for the current building model. HVAC operational details include: working schedules
of lighting and other occupants’ related activities in the office building. The office space allows for
2 occupants working within the day-lit zone for normal working hours. The number of occupants
and office schedules are identical in the two comparative building models. As building types and
schedules would have great impacts on the energy performance, residential and commercial buildings
have very different system profiles and operation schedules. The schedule setup and operation
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Figure 5.1: X-Ray Perspective of the Office Building Model for Simulation.
assumptions made for the comparative simulation design are meant to eliminate extraneous variables
and demonstrate optimized maximum potential of EC based solar control strategy. Dual set-points
are used for heating and cooling the office thermal zone (20◦ C for heating and 26◦ C for cooling). Since
neither EnergPlus or Diva has integrated dynamic glaring into the simulation process, a series of
hourly simulated EC energy and daylight performance were interpolated from the annual simulation
of four static states of selected EC glazing, subsequent dynamic results of energy performance and
daylight are derived in term of a corresponding EC State. The glass and insulation materials and
details were assumed to be identical for two comparative building units. Our comparative simulation
design with two building models is a comparative test to investigate how much improvement we can
achieve by comparing optimized EC control and no control settings (clear glass, also referred as Mode
0 in Table 5.1). The optical properties and parameters used in this simulation study were obtained
by a specimen of deployment-ready EC glazing from the US market[178]. Among these glazing
Table 5.1: Dynamic Optical and Thermal Properties of EC Glazing for the Prototype System
Electrochromic Glazing

Transmittance

U-Factor

SHGC

33

0.28

0.41

18

7

0.28

0.15

Tint Mode 2

6

2

0.28

0.1

Tint Mode 3

1

0.4

0.28

0.09

Tint Level Mode

Visible(%)

Solar(%)

Clear Mode 0

60

Tint Mode 1

properties, parameters associated with daylight and energy performance are thermal transmittance
or U-factor, solar transmittance, visible transmittance, and solar heat gain coefficient (SHGC). The
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U-factor represents the resistance offered by the glass to conduction of heat flow from the inside to
the outside or vice versa.

5.1.1.2

Balancing Energy Saving and Visual Comfort Evaluation
There is a growing number of metrics developed to evaluate different aspects of building per-

formance [179]. After examining all options of visual comfort measures mentioned in the literature
review, the illuminance-based visual comfort (VC) hours is selected as the visual comfort measure
to evaluate sufficiency of simulated indoor daylight illuminance. As a quantitative visual comfort
assessment tool, VC hours provides a balance between interpretability and computational efficiency.
Comparing to other existing measures like Daylight Autonomy(DA) [180] or Useful Daylight Illuminance(UDI) [181], VC hours provides the possibility of user-defined range of visual comfort [182].
A consistent pre-defined daylight illuminance range (300 to 500 lux) is used for counting visual
comfort (VC) hours in this study. Energy efficiency evaluation commonly refers to the net annual
energy saving value or percentage per unit area. In 2018, Hamidpour [183] proposes a theoretical
EC control strategy which evaluate the integrated two-objective performance of EC glazing stated
as β ∗ E + (1 − β) ∗ I where E represents energy efficiency, I represents visual comfort, β stands for
user defined priority parameter. The mechanism for modeling multi-state EC behaviors with the
pre-programmed control logic and tint state schedule has not been established until recently. A limited number of daylight simulation software such as ClimateStudio® starts to include registered EC
products in the material database [184]. However, EC glazing materials have not been integrated in
energy simulation software. Therefore, the dynamic sequence modeling (DSM) is developed as a new
tool for parallel simulations of daylight and energy with EC glazing. The DSM python script can be
used to implement different control strategies for this study. The fundamental logic of DSM can be
explained as the equation: maxi∈[N ] f (i) where the evaluation function f (i) is applied on the domain
[N ] = 1, ..., n which represent the discrete tint modes of the EC glazing, the mode is select based on
maximum result of the evaluation function. Figure 5.2 demonstrates the process flow chart of DSM
for implementing Hamidpour’s CBS as an example. The electrochromic glazing material used in this
simulation study can switch between four tint modes, with distinct physical and optical properties
matching each mode as shown in Table 5.1. In the DSM, the switching between different tint modes
is processed after parallel simulations of ClimateStudio® and EnergyPlus® with four different mode
of the EC glazing. With the two-objective evaluation function maxi∈[N ] f : β ∗ Ei + (1 − β) ∗ Ii the
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Figure 5.2: Dynamic Sequence Modeling (DSM) Implementation of CBS
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optimal EC mode is derived and compile into a control sequence representing the dynamic EC behaviors. Given that the switch speed between EC modes has been improving dramatically in recent
years, the marginal inaccuracy and latency issues caused by the mode-transitions can be neglected
in simulation calculation [185]. For each hour, one of the four EC glazing tint mode is selected based
on weighted evaluation of energy consumption and visual comfort. The two comparative windows
maintains a clear, untinted mode during non-working hours. So the implementation of Dynamic
Sequence Modeling (DSM) is summarized by the following four steps:
1. Generation of hourly simulated performance measures (i.e.,energy consumption and daylight
performance) separately for each mode of EC.
2. Selection of optimal simulation results based on the evaluation function, here is the weighted
sum of visual comfort and energy efficiency.
3. Compile simulation results to create multi-objective optimal scenarios.
4. Sequencing of the optimized hourly control mode of EC and its dynamic performances.

5.2

Results

(b) Energy Performance Map

(a) Visual Comfort Map

Figure 5.3: Energy Performance Map

5.2.1

Climate-varying Performance of IoT-based EC Buildings
The building energy consumption are examined to see the effect and magnitude of the

optimized EC control strategy on building energy efficiency. Figure 5.4 presents the absolute building
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energy consumption by total end-uses for the modular small office buildings in 51 cities. The
orange columns in this graphic show the optimally controlled EC windows, with properties that
vary according to the city’s weather conditions; the blue columns are results with clear EC without
any control, as described earlier. The difference between the two cases provides an estimate of the
maximum energy savings in the simulations for each reference location. As the energy simulation

Figure 5.4: Histogram of Original and Optimized Annual Energy Consumption for 51 Cities With
β= 0.5.
results indicate, energy savings of EC buildings can be achieved in most cities, ranging from 1.39%
to 36.85% for the modular office building. In all 51 regions, the mean saving percentage is 15.73%,
the 25th, 50th, and 75th percentiles are 9.70%, 14.39%, 22.51%. The highest relative energy savings
occur in Los Angeles, CA. The absolute energy savings from the EC control strategy represent a
relatively smaller fraction of overall heating and cooling loads. However the economic value of these
savings becomes much larger given the synchronization with the peak demand fluctuations occur on
daily and yearly cycles. Sorted by regional mean temperature, we have seen energy savings increase
with several major deviations. For similar mean temperatures, energy performance in Denver, CO
(21.34%) is more significant than Manchester, NH (7.49%). The visual comfort hours are evaluated
to reveal the effect and magnitude of climate on EC building daylight performance.
Fig. 5.5 presents the count of visual comfort hours by pre-defined illuminance range(300-500 lux)
for 51 cities’ weather conditions.

5.2.1.1

Trade-off Analysis
Multi-objective trade-off analysis is conducted using different priority factor β (0.1, 0.25,

0.5, 0.75, 0.9). The relationships between energy saving and visual comfort performance for EC
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Figure 5.5: Histogram of Original and Optimized Visual Comfort Hours for 51 Cities With β= 0.5.
buildings in different cities are represented by a set of first-order polyline curves as shown in Figure
5.6. When a user define the priority factor, as long as β stay at the first quadrant, it means the

Figure 5.6: Trade-off Analysis of Multi-objective Optimization
IoT based EC will improve visual comfort as well as energy performance, while the trade-off ratio
is different from place to place.
Applying the simulation results to all cities locations at the U.S. climate zone map produced the
spatial distribution of the EC building model performance in terms of total annual energy saving
and visual comfort hours improvements as shown in Figure 5.3. As one would expect the energy
consumption data points within the same climate zone are relatively homogenized while apparent
differences are presented across climate zones. The visual comfort performance of EC buildings in
different cities show spatial heterogeneity. To understand the causal factors of spatial patterns in EC
building performance, future studies on the climate related machine learning models are therefore
recommended.
In order to explore the cross-climate patterns, the small office building model we use in this
107

study is constructed with the same orientation, facade materials and configurations. However in the
real-world scenarios, the office building may follow different regional construction guidelines with
distinct environmental context, which possibly lead to differentiation from our simulation results.
Any variations related to the building or system configurations will alter the results and change the
EC building performance.

5.3

Conclusion
This chapter focuses on evaluations of EC building performance in 51 cities over 16 climate

zones. The annual simulation results of energy saving and visual comfort improvements compared
to the baselines are presented on the U.S. map. Compare to previous works of dynamic windows
research, our study scale up the evaluation scope of the modular office building to climate-inclusive 51
cities in the US and discuss the spatial patterns and possible correlations with climate parameters.
The nation-wide evaluation is followed by an in-depth investigation of the trade-off problem of
energy efficiency and visual comfort. A family of trade-off models was established to assess the
competing objectives at the same time for multi-objective optimization, using a user defined priority
parameter β. A set of 5-β models are developed to provide quantitative descriptions of the climatespecific trade-off relationships between the two building performances. With Pareto analysis of the
β models, it is shown that the EC building models can achieve different levels of energy saving as
well as visual comfort improvements at the same time across the sample cities in the US. The tradeoff problem can be managed by tuning the user defined priority parameters within climate-specific
boundary conditions as defined by the simulation-based models. For future research agenda, we
plan to investigate predictive EC control algorithms with simulation data and more advanced EC
variations [186], like NEC [187] and DNEC [188] in real-world scenarios.
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Chapter 6

Machine Learning Models For
Predictive Control of IoT-based EC
In previous chapter, annual EC building performances are simulated to show regional differences in 16 climate zones with historical weather data (TMY3). However, unlike the simulation
scenarios where historical weather data is given as input parameters, it’s not realistic to have a
weather station to generate the standard weather file for each EC building and the control of EC is
based on a certain degree of prediction [189]. Theoretically, we can simulate all possible EC mode in
real time, and control the EC based on real time evaluation of the simulation results. Practically it is
difficult and inefficient for implementation as the number of EC modes and application scale continue
to grow. Predictive control based on sensor data becomes a major area of interest within the field of
smart and sustainable EC building envelopes. It has been a inherent challenge for most rule-based
EC control strategies to adapt to different climate condition and provide optimized performance.
Up to date, there are few studies investigating the roles of climate-related factors in predictive EC
control strategies. For example, EC windows are operated based on solar radiation sensors in a
smart building research by Jelle et al [190]. Granqvist et al. [191] compare thermochromics and
electrochromics which are adjusted with temperature to see their potential building performance.
There are many different EC control strategies based on schedules or thermal thresholds without a
clear understanding of the relationships between climate variables and EC performance.
Therefore, this study sets out to address the predictive EC control problem and explore
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the relationships between the optimal EC mode and a number of climate variables. One promising
way to approach this challenge is by training climate specific machine learning models for predictive
control of the IoT based EC buildings under random weather conditions.
In this chapter, a novel machine learning approach is presented for predictive EC control
under random weather conditions. Key climate and time series features are extracted and encoded
to explore EC patterns over different climate zones. To provide simulation results as part of the
training data, the building performance differences between EC and the static glazing envelop system
are generated by dynamic sequence modeling (DSM) and simulations over 51 cities. Then, the
climate specific machine learning models are trained based on encoded time series weather data
and the simulation results. Two machine learning algorithms are tested based on the comparison
of prediction accuracy. The importance of predictive variables are measured to determine critical
predictive variables for the machine learning models for the specific climate zone.

6.1

Research Methods
Machine learning (ML) algorithms have been widely applied in modeling and controlling

building environmental systems. In general, ML may be used for (1) data analysis and data-driven
modeling of dynamic systems, and for prediction or categorization of new instances based on training models. In this section, we start with data preparation. To properly model the relationship
between climate related features and the target variable (predictive EC Mode), correlation analysis
is performed among selected meteorological features. In addition to weather data, transformation of
time series features is conducted for ML to understand the cyclical nature of the climate. Then, the
development of the building model and simulation process is described. The simulation results are
geared into the training and testing data for the ML models. Two mainstream ML algorithms for
building predictive control applications are implemented by combining the climate related data and
simulation results. ML models are evaluated by prediction accuracy using testing data, to see the
prediction accuracy under unknown weather conditions. The relative significance of different meteorological features in the climate-specific ML models is also calculated to support future selection
of sensors for IoT-based EC building envelopes. Lastly, we discuss the potential of these machine
learning models for prediction, control, and operations of the IoT based EC system under different
climate zones.
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6.1.1

Machine Learning Models

Figure 6.1: Decision Tree Visualization of Random Forest (RF) Machine Learning Model
Based on an extensive literature review of 4 categories of machine learning models available,
supervised ML, unsupervised ML, semi-supervised ML and reinforced learning, supervised ML is
selected to solve our problem of EC control prediction. In our case, the task is to learn the mapping
relationships between a set of climate related features as input and the EC mode output through a
labeled dataset of simulations. The output’s correct value, which refers to the optimal simulated EC
mode, for a given climate condition is known and provided by the training data. Given a finite set
of known simulation data, the problem is to predict EC mode for the new IoT sensor measurements
of climate related features. Instances with known category (labeled simulation data) are used as
training set input. This study is a typical example of supervised learning problem. The supervised
machine learning framework allows us to assign a multiple climate related feature labels to every
EC mode output.
Under the supervised machine learning framework, the random forest (RF) and multilayer perceptron (MLP) algorithms are implemented to build our models. Prediction accuracy is used as the
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evaluation metric to select proper machine learning models for solving our IoT based EC prediction
problem. The logic of RF machine learning model is to ask of series of questions, in our case, climate
related questions, then many decision trees are constructed leading based on randomized training
data sets as shown in Figure 6.1. The RF algorithm is to combine multiple decision trees together
to create a meta-model that has better prediction performance. As for the MLP machine learning

Figure 6.2: Schematic Diagram of Multilayer Perceptron (MLP) Machine Learning Model
models, when the input signals received, they are added together at each neuron in hidden layers, the
combination of multiple artificial neurons in layers enables a neural network for complex calculations,
and if the accumulated signal exceeds a threshold, the neurons will be activated and generate an
output signal shown in Figure 6.2. Driven by the availability of both simulation data and IoT sensor
data, the predictive EC control problem is translated into a machine learning prediction problem,
where the EC mode is predicted as the output label for a given set of climate and time-series input
data.

6.1.2

Data Preparation
To construct the database for training and testing the supervised machine learning EC

predictive models, input data and output data have been thoroughly checked to ensure consistency
and accuracy. A set of scatter plots and heatmap graphs are generated to visualize the input data
against output data. An incremental understanding of the complexity of this prediction problem is
gained via observations of the data from different perspectives.
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6.1.3

Variable Selection
There are many climate variables recorded in the weather dataset (TMY files) to show

the environmental behaviors for monitored areas, and our selected climate variables includes key
weather information as it pertains to solar activities, including: average temperature, Direct Normal
Radiation (DNR), Diffused Horizontal Radiation (DNR), Cooling Degree Days (CDD), Heating
Degree Days (HDD), and latitude. We conducted a preliminary statistical investigation to reduce
redundant data before setting up the models. A bi-variate correlation coefficient matrix of selected

Figure 6.3: Bivariate Correlation Coefficient Metrix of Climate Features for 51 Cities
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climate variables as shown in Figure 6.3 is calculated to identify strong linear correlations based on
the climate-zone-inclusive subset of TMY3 weather files. Statistical analysis is needed to reduce the
number of correlated features to improve the performance of the model and reduce the computational
cost of modeling. As shown in Figure 6.3, there are three feature pairs that have correlation coefficient
larger than 0.90, which indicate strong association between each pair of variables:

{T emperature, latitude}, {T emperature, HDD}, {T emperature, CDD}

To prevent possible collinearity which may reduces the statistical precision of the models, a remedial
measure taken here is to keep only one of the three correlated explanatory variables: Temperature.

6.1.3.1

Time and Season Features
These weather data has inherent cyclic time and seasonality patterns. To better encode the

time-series data in our machine learning algorithms, we incorporate trigonometric transformations
of the time, day, and season variables to preserve the cyclical nature of time-related variables in
the data. The machine learning algorithms struggle to internalize categorical features, such as
month, hour and season in this case. The internal logic of their cyclical quality would be lost if
they are directly transformed as linear array of numbers. To improve the predictive accuracy of the
machine-learning predictive models, the cyclical patterns of our data are preserved. On the basis
of mathematical logic, the timestamp and date features are encoded as the following trigonometric
formula:
Hre = f (sin(Hri

π
π
), cos(Hri ))
24
24

where Hre represents a specific hour in the daily cycle, and Hri is the original numerical timestamp.Similarly cyclical month variable M the . is converted from numerical month variable M thi

M the = f (sin(M thi

6.1.4

π
π
), cos(M thi ))
12
12

EC Mode As Prediction Label
The optimal EC mode is calculated at one hour intervals via simulation as described in

Chapter 5. To explore the relationships between climate variables and EC behaviors, we try to
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visualize the spatial distributions of the EC mode data in the climate data space as shown in Figure
6.4. From the visualization of the multi-dimensional data from simulation study, we find that the
data points of EC modes represented as different colors are well mixed and no single climate feature
can effectively provide clear segmentation of these data. It also suggests that some underlying
features of the data have been overlooked. These three climate variables would not be enough to
explain the complexity of EC behaviors. The diversification of EC patterns over different cities
motivate us to use a data-driven machine learning approach for generating prediction models to
address the prediction and climate adaptation problems.

Figure 6.4: Scatter-plot of EC Mode in 3D Climate Features Data Space (DNR, DHR, Temperature)
for 16 Climate Zones
The EC schedule heatmaps in the Figure 6.5 represent the patterns and variability of simulation generated EC modes within a year, when the X axis interval is each hour of the day and Y
axis interval stands for each day of the year. The observed differences in EC schedules show that
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if we use any same schedule-based control strategy for real-world EC operation, the performance
results would not be optimal.

Figure 6.5: Heatmaps of Annual Schedules EC Control Operations for 16 Climate Zones.

6.1.5

Prediction Accuracy of ML Models
For better visualization of the results, 16 cities are selected for further analysis and the com-

plete results can be found in Appendix C. Table 6.1 presents the accuracy performance results of two
selected machine learning models based on four commonly accepted measures: f1-score, precision,
recall, and support. Here, F1-score is the weighted average of precision and recall, while recall refers
to the true positive rate,

truepositive
truepositive+f alsenegative

, and precision refers to

truepositive
truepositive+f alsepositive ,

and support is the ratio of occurrences of each class in the data set. The random forest prediction
model outperforms the neural network model on our climate-zone-inclusive dataset. For all sample
cities, the mean accuracy precision for the RF ECPM is 91.08% with a standard deviation 0.03 and
78.98% for MLP with a standard deviation 0.08. International Falls in climate zone 7 achieves the
highest precision for 95.73%. The least accuracy is 83.33% in Denver, climate zone 5C. The confusion matrix 6.6 looks at the detail analysis for each EC mode prediction. Patterns are identified how
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Table 6.1: Prediction Accuracy of Random Forest Model (RF) and Multilayer Perceptron Model
(MLP) for IoT based EC
f1-score
Model

precision

recall

support

MLP

RF

MLP

RF

MLP

RF

MLP

RF

1A Honolulu

0.84

0.91

0.84

0.91

0.84

0.91

0.84

0.91

2A Tampa

0.69

0.92

0.69

0.92

0.69

0.92

0.69

0.92

2B Tucson

0.77

0.93

0.77

0.93

0.77

0.93

0.77

0.93

3A Atlanta

0.66

0.88

0.66

0.88

0.66

0.88

0.66

0.88

3B El.Paso

0.63

0.88

0.63

0.88

0.63

0.88

0.63

0.88

3C San.Deigo

0.81

0.92

0.81

0.92

0.81

0.92

0.81

0.92

4A New.York
4B Albuquerque

0.82
0.76

0.93
0.89

0.82
0.76

0.93
0.89

0.82
0.76

0.93
0.89

0.82
0.76

0.93
0.89

4C Seattle

0.87

0.93

0.87

0.93

0.87

0.93

0.87

0.93

5A Buffalo

0.88

0.91

0.88

0.91

0.88

0.91

0.88

0.91

5B Denver

0.70

0.83

0.70

0.83

0.70

0.83

0.70

0.83

5C Port.Angeles

0.88

0.94

0.88

0.94

0.88

0.94

0.88

0.94

Climate & City

6A Rochester

0.76

0.91

0.76

0.91

0.76

0.91

0.76

0.91

6B Great.Falls

0.85

0.90

0.85

0.90

0.85

0.90

0.85

0.90

7 International.Falls

0.89

0.96

0.89

0.96

0.89

0.96

0.89

0.96

8 Fairbanks

0.80

0.94

0.80

0.94

0.80

0.94

0.80

0.94
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the RF prediction model deviate from the simulation scenarios. For instance, the confusion matrix
of Denver suggests that erroneous predictions often occur between mode 1 and mode 2. The matrix
patterns can be useful for implementation of real-world IoT based EC building envelope system.

Figure 6.6: Confusion Matrix of EC Mode Prediction for 16 Climate Zones.

6.1.5.1

Importance of Climate Related Features for RF Prediction Models
Figure 6.7 summarizes the feature importance scores for 16 RF prediction models. The

relative feature importance scores indicate to which extent these climate related variables are important to the prediction models. It is worth noting that if we only use a single feature as the input
for any rule based EC control strategies, then the strategy will inevitably fail to adapt for some
climate zones. For example temperature feature plays a important role in the RF prediction model
at EI Paso, but may not be the same at San Deigo. In International Falls, the Diffused Horizontal
Radiation (DHR) is most significant in determining the EC mode, while least accurate model in
Denver, the Direct Normal Radiation (DNR) is the main factor for predicting the EC mode. In
most cases(12 out of 16 cities), the three climate features overweight the seasonal and time features.
The season and time features play a more important role in hot areas such as EI Paso, Tampa, and
Tucson. The review of feature importance scores is useful for interpretation of complicated machine
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learning models, which quantify the strength of the highly nonlinear relationships between climate
related features and output EC mode. A building IoT expert can analyze these results and use them
as the foundation for acquiring different sensor data.

Figure 6.7: Feature Importance for ML Prediction Models In 16 Climate Zones.

6.2

Conclusion
Improving the prediction accuracy of EC operations in differnt climate zones has been a

challenging problem of automatic control of EC buildings for decades. In this study, the EC simulation results are associated with time series weather features, randomly split into a training data
set and a testing data set for our candidate machine learning prediction models. The Random Forest(RF) algorithm and Multi-layer Preceptron (MLP) algorithm are both the state of art machine
learning prediction algorithm for structured data. As to the selection of proper machine learning
models, the Random forest model(RF) is compared with the neural network model(MLP) for accuracy performance over our EC prediction problem. With our RF machine learning models, we
achieves optimal prediction accuracy on a national data set of 16 representative cities.
we highlight a new machine learning approach (ECPM) for predicting EC control given
input of climate condition and time. ECPM is data-driven a Random Forest Prediction Model with
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specifically encoded time-series climate features for autonomous EC control. Across the climatezone-inclusive simulation dataset, the RF models outperform the MLP models and achieve promising
prediction accuracy (avg 91.08%) on the testing data.
The advantage of these machine learning prediction models is that they automatically seek
for best approximation of the relationship between high-dimensional variables, increase the accuracy
and reduce the risks of overfitting or underfitting. This study shows that the random forest prediction model with proper time-series climate data can serve as the backbone for autonomous EC
control. By developing adaptable and accurate ML prediction models for IoT based EC systems,
we provide a systematic approach from engineering time series climate related features, to selection
and implementation of two supervised machine learning algorithms. We hope that climate specific
machine learning approach will become a versatile tool for EC integrated smart buildings in realworld climate conditions. This hourly optimized autonomous control operations of EC has some
limitations. While it captures the hourly daylight and energy performance when changing modes, it
may not fully capture continuous dynamic thermal conditions within the space. However the effects
of the intermission are to be researched in future projects.
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Chapter 7

Design Factors and IoT-based EC
Building Envelopes
For static glazing building envelopes, their long term performance depends on the architectural design. A variety of design factors, including building forms, orientation, and window-to-wall
ratio are examined in many published studies as critical parameters for performance-based design
strategies in the context of static building envelops [192]. In the new era of dynamic building
envelopes, few research has been done to investigate the synergistic effects of design and EC operations on building performance. In theory, strategic convergence of design factors and EC control
will increase the capacity of dynamic building envelopes to achieve higher levels of daylight and
energy performance. To investigate the relationships between EC building performance and design
factors, this study starts by constructing a parametric design workflow to generate 72 test models
of EC building envelopes, representing combinations of two key building envelope design factors,
window-to-wall ratio and orientation. Dynamic Sequence Modeling (DSM) method is then used
for simulation of the 72 EC building models with the comparison-based EC control strategy [21].
Energy and daylight performance of the 72 test models are measured and compared to show the
influence of the two design factors on EC building envelopes. A detailed analysis of the false-color
daylight distributions on floor plan is presented. In order to support active daylight design using EC
building envelopes, a new measure is developed to evaluate the differences between expected and
actual daylight.
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7.1

Research Design
Parametric design modeling and simulations have emerged as powerful tools for building

performance evaluations [193]. There is a wide range of simulation software that help architects and
engineers with the design decision-making, building and operating process by providing scientific
evidence and comprehensive analysis. Daylighting simulation and energy simulation use different
models and are set up independently. In this study, we developed a parametric design workflow
to incorporate combinations of different design factors, and use the Dynamic Sequence Modeling
(DSM) for simulations of EC building performance as shown in Figure 7.1.

7.2

Parametric Design Factors
The parametric design method is used here to create a large number of test building models

based on variations of parametric design factors. Window-to-wall ratio (WWR) and orientation are
selected as the design factors of interest because they are particularly relevant for performance of
building envelopes. WWR represents the proportion of exterior wall surface area that is consists of
EC glazing. Orientation and WWR have been associated with building performance by determining
the physical and visual relationships with the exterior environment.

Figure 7.1: Parametric Design Workflow for Generating Test EC Building Models

7.3

Modeling and Simulation of EC Building Envelopes
Due to the dynamic properties of EC building envelopes, simulations play an essential role in

developing EC control strategies which work with the performance goals of architectural design [194],
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[195]. With quantitative simulation results, architects can better evaluate the effects of their design
alternatives on energy use and daylight performance. Therefore, this simulation-based research
provides evidence-based design on how to achieve high building performance goals through ED
building envelope design. The dynamic sequence modeling (DSM) method is adopted for developing
the building simulation workflow with EC materials involves data collection, model development and
EC integration. The collected data include architecture drawings, building envelope characteristics,
occupancy, lighting and plug load power and operating schedules, HVAC system characteristics and
operating schedules, measured building energy use, etc. The building’s internal load parameters,
such as occupancy, lighting and plug load power and operating schedules, needed to be refined
and calibrated by comparing the simulated results with measured data. After the simulations are
performed, the results are used to analyze the effects of window films on reducing energy consumption
and carbon emissions. Since this study focuses on how the characteristics of the glazing system
influence building energy consumption, some variable parameters that were unavailable were input
into the model based on the building characteristics of a typical office building.
• EnergyPlus, as a building energy simulation software [176], has been widely used for predicting
annual energy consumption.
• DaySim, as a daylighting modeling software, has been validated for accurate calculation of
annual daylight availability in buildings based on the computer graphic program Radiance
[196] using backward raytracing techniques.
Both of them ask for three basic categories of information: local weather conditions, building setup
conditions and occupants’ behaviors as input parameters to mimic building performance of energy
and daylighting as quantitative results of a deterministic systems. Specifications of building model
materials are shown in Table 7.1.
Table 7.1: Test Building Model Components and Properties
Building

Standard Thermal Property

Envelope

U-Value (W/m2K)

Transmittance

Reflectance

0.35

0

0

EC Window

2.2

0.3-0.7

0.01-0.06

Roof

0.16

0

0

Floor

0.25

0

0

Wall
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Standard Optical Property

Figure 7.2: Adapted Simulation Workflow for EC Building Envelope

7.4

Simulation Results
Early phase design decisions are often more impactful than tweaking the performance with

remedial technologies and engineering efforts later on for new construction projects. With minimum trial-and-error costs, architects can explore a large solution space to identify the best possible
scheme using simulations. In this section, we present the simulation results of a parametric designed
building model to investigate how early design decisions can affect EC building performance. Three
fundamental design variables–the window-to-wall ratio(WWR), the orientation and the floor plan,
are evaluated against a variety of performance indicators including building energy use intensity,
CO2 emission, and annual daylight availability. Furthermore, the spatial relationships between daylight distributions on the floor plan and EC building envelope patterns are discussed. A plan-driven
EC building envelope design recommendation framework is presented using relational mapping techniques of daylight distributions.

7.4.1

WWR and Orientation for Long Term EC Performance
The parametric design of the building model for simulations is adopted to allow consecutively

adjusting the horizontal orientation(from -π to π). The WWR scales from 10% to 90% with equal
increase of a tenth each time. All cooling, heating, lighting and equipment settings are identically
controlled so that the simulation results only reflect the difference cased by orientation and WWR.
The TMY3 file for Boston was used as the weather input. The simulation workflows are developed
with Rhino® and ClimateStudio® on Grasshopper® . Table 2 consists of site EUI, net energy saving,
CO2 spatial daylight autonomy(SDA) and Mean Illuminance. To explore the influence of different
design variables, the Pearson correlation coefficient between each pair of environmental features
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is calculated across the 72 simulation scenarios. The statistical analysis described in this section
were conducted in R-Studio® . As observed from table 7.2, the site energy use intensity(r=-0.8829,
Metric

WWR

Orientation

Site EUI

-0.882964

-0.011495

Energy Saving

-0.885348

-0.004525

CO2

-0.882317

-0.011309

SDA

-0.087698

0.126279

0.688680

0.239671

Mean Illuminance

Table 7.2: Results of Pearson Correlation Analysis for the Simulation Data
p<0.001), energy saving (r=-0.8853, p< 0.001) and CO2 emission reduction (r=-0.8823, p<0.001)
are highly and negatively correlated to the increase of WWR. On the contrary, WWR has significant
and positive correlation with the mean illuminance metric for daylighting (r=0.6887, p< 0.001). The
spatial daylight autonomy (SDA) is weakly negatively correlated with WWR. Due to the small size
of building model and sample scenarios, the power of correlation analysis is reduced to determine
the impact of orientation on the building’s energy and daylight performance. Therefore, for our
single office building model, orientation is relatively weakly correlated to all three building energy
efficiency metrics. While SDA and mean illuminance are positively correlated with south-facing
orientation(+π). Given only the quantitative simulation results, we can not have a clear view
of daylight conditions with spatial information in different scenarios. The sensor grid false color
pictures were generated for exploring the patterns of dynamic building envelope. The false color
pictures are produced by the optical raytracing engine within the ClimateStudio® . The illuminance
distributions are probability estimations of annual mean illuminance at certain points represented
by color of the pixel. Visualizations of daylight distributions on floor plans are more intuitive for
the people to understand the visual performance, but how can we teach algorithms to understand
the visualization images like architects do and eventually help architects with EC building envelope
design? There are a limited number of studies investigating daylight distribution images in buildings.
The general image processing techniques have been applied in building facade classification research.
Studying the daylight distributions directly as three dimensional matrix is much more complicated
than statistical summary of discrete metrics. Therefore, we adopt the planarity measures from
graph theory and probability theory(mean, variance, covariance, skewness, Kurtosis) to describe the
shapes and spatial locations of the daylight distributions on floor plans. Figure 7.3 shows yearly
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Figure 7.3: Impacts of WWR and Orientation on Spatial Illuminance Distributions
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accumulative mean illuminance distributions on floor plan under different combinations of WWR
and orientation. Figure 7.4 represents yearly accumulative mean illuminance distributions on floor
plan for different tilt angles (window on the wall vs skylight). The analysis and visualization of
annual illuminance distributions on a floor plan is to characterize the location and shapes of the
daylight. To describe the shape and intensity of daylight distributions on a floor plan, definitions
and terms are borrowed from graph theory and probability theory to help depict what we have
observed. The daylight distributions here are seen as a set of clustered probability density functions.
The multivariate daylight distributions of a three dimensional random vector clusters around a set
of mean values. The size of window and WWR are found to affect the variance and kurtosis of the
distributions. An increase of variance was observed with larger WWR. Orientations of the building
model affect the skew-ness of the distributions. With successive rotations, the daylight distribution
becomes more asymmetric, and the cluster move further to the direction of window opening. The
tilt angle of the window may also affect shape of daylight distributions. Figure 7.4 reveals that the
tilt angle and position of the window may decide the spatial agglomeration, sharpness and kurtosis
of the distributions. This simulation study has revealed several factors that play important roles in
determining shape and intensity of daylight distribution on a floor plan. To capture the complexities
of the optical phenomenon, several possible explainations are made based on the observation and
simulation.

Figure 7.4: Characteristics of Annual Illuminance Distributions for Two Window Position

• Orientation, positions of window and light source are associated with the center coordinates
of the annual daylight distributions.
• The WWR, tilt angles of window and light source are strongly related to the variance and
kurtosis of the annual daylight distributions.
• The orientation is identified as an important determinant of skewness of the annual daylight
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distributions.
It is worth noting that there are other possible related design factors remain unknown from analysis
of current limited sample simulation scenarios. With both qualitative and quantitative analysis the
daylight distributions on the floor plans, a natural progression now is to facilitate and enhance EC
building envelope design with a better understanding of its daylight performance.

Figure 7.5: Overlapping Annual Daylight Distribution of EC Building Envelope System

7.5

A New Measure for Instantaneous EC Performance
The existing daylight measures, such as SDA and mean illuminance, mainly focus on eval-

uation of the overall annual simulation performance. A major limitation of using these long-term
daylight measures is that it precludes the connection between the daylight distribution and design
context and over-generalize daylight performance problems. For different building projects, the
clients often have different expectations of daylight performance which serve their programs and design purposes. These long term measures are not able to assess if the illuminated areas are exactly
where the daylight need to be on the targeted surfaces. These long-term measures are too general to
distinguish between static building envelopes and dynamic building envelops in a meaningful way.
So a new measure is needed to evaluate instantaneous daylight performance on targeted surfaces
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using EC.
IoT-based EC building envelopes have the capacity to adjust the influx of daylight to meet clients’
customized requirements on a hourly basis. To facilitate understanding of the Sun-EC-Surface relationships, some basic principles and mechanisms are clarified as follows:
• Within a very short period of time, the position angle and altitudinal angle of the Sun can be
seen as constant in each regular interval EC operations. It is easy to overestimate the change
of the solar condition in the short-term and underestimate the gradual change in the long
term. Since EC windows are normally operated once per hour. The illuminated areas do not
move dramatically during each EC operation interval.
• The indoor daylight distributions are results of the sun and multiple design factors, including
orientation, WWR, and tilt angle of the window if the glass does not tint. The orthographical
relationships between horizontal daylight distribution and key design factors are explored in
previous simulation study.
• With IoT-based EC, the building envelope can reduce the amount of daylight coming through
the window, which leads to changes of illuminance intensity on targeted surfaces. However,
the instantaneous control operations of EC do not affect the shape or location of daylight
distribution with the constraints of space and time as shown in Figure 7.6.
Instantaneous Daylight Measure (IDM) for IoT-based EC
Boiling down many successful cases of EC building envelope design, one of the most important
daylight performance theme for EC is the consistent daylight level on targeted surfaces. Therefore,
the instantaneous daylight performance should be evaluated by calculating the similarity with the
expected daylight on targeted surfaces. This instantaneous daylight performance theme can be
described as the following equation 7.1:
Me ≈ XEC

FM,D,H,L

−→

Ms
(7.1)

IDM (Me , Ms ) = f (I(Me , Ms ), O(Me , Ms ), C(Me , Ms ))
where Me is the expected daylight distribution on a targeted surface, XEC is the tint pattern of
a multi-pane EC building envelope, Ms is the simulated daylight distribution under the influence
of a specific EC pattern. The function FM,D,H,L refer to the sunbeam directions generated by the
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Figure 7.6: Relational Model of the Sun, EC Building Envelope and Daylight Distribution on A
Horizontal Surface
simulation algorithm, taking month, day, hour and weather file as input parameters. The Instantaneous Daylight Measure (IDM) calculate the differences between Me and Ms in terms of illuminance
I(Me , Ms ), overlap areas O(Me , Ms ), and contrast C(Me , Ms ), providing an objective method to
assess the EC daylight performance in relation to its design context which other daylight measures
have neglected. As an example of this concept, three floor plans are created for different architecture

(a) Floor Plan for Library

(b) Floor Plan for Music Studio

(c) Floor Plan for Classroom

Figure 7.7: Unique Floor Plans for Different Projects
program: a reading room in a library as illustrated in figure 7.7a, a music studio in figure 7.7b and a
classroom in figure 7.7c. The targeted surface areas where daylight is most needed are fundamentally
different from one to another. If we use SDA or mean illumiance measure, the long-term evaluation
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results for the three space will be exactly the same despite EC control strategies. The factor of
targeted surfaces is not involved in most conventional evaluation measures. However, instantaneous
daylight performance on targeted surface is critical for real-world operations, especially for those
multi-pane EC building envelopes, just like the Firestone library skylight project we mentioned in
the case study. With the number of EC windows increase, the total number of possible combinatorial
EC patterns grow exponentially. For instance, if a EC building envelope has m EC windows which
has n tint mode, there are nm possible combinations. The instantaneous daylight measure is needed
to efficiently quantify the differences between the reference daylight distribution as illustrated in
Figure 7.8 and the considerable amount of possible daylight distributions generated by nm EC patterns. In a case of 3X3 four-mode EC window matrix in Figure 7.6, 49 = 262144 possible daylight
distributions will be generated. The reference daylight distributions can be converted from any floor
plan or other targeted surfaces. Define Daylight Distributions on The Floor Plan
Figure 7.9 presents the conceptual diagram of Instantaneous Daylight Measure. IDM accounts for

(a) Library

(b) Music Studio

(c) K12 School Classroom

Figure 7.8: Unique Daylight Distributions for Three Floor Plans

Figure 7.9: Conceptual Diagram of the Instantaneous Daylight Measure
three aspects of daylight performance: illuminance, overlap areas and contrast. In this way, the
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differences between reference and possible daylight distributions are precisely quantified. The differences between reference daylight performance and controlled daylight performance are calculated
using IDM as shown in Figure 7.10.
Floor plan design and building envelope design are often seen as two parallel processes in many

Figure 7.10: Differences Between Reference Daylight Performance and Controlled Daylight Performance on A Target Surface
projects. The dynamic behaviors of EC glazing provide possibilities of instantaneous orthometric
interactions. The instantaneous daylight measure highlights the connection between horizontal daylight performance and vertical EC control. The evaluation results can support active EC control to
work with floor plan and improve short-term daylight performance.
For controlling multi-pane EC building envelopes, the IDM evaluation process need to be iterated
for each EC patterns. For controlling IoT-based EC building envelopes, sensor data and monitoring images are expected to replace simulation images for real time evaluations in the future. The
instantaneous daylight measure represents the first step towards developing EC control strategies
which can work closely with architectural design.
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7.6

Conclusion and Discussion
A series of simulation studies is presented in this section. Critical design variables, including

WWR, orientation, tilt angle and floor plans, are analyzed against the confounding effects on EC
building daylight and energy performance. The design factors are more closely related to the daylight
performance, while energy efficiency and CO2 emissions are more directly related to environmental
variables, such as temperature and solar radiation. A new instantaneous daylight measure (IDM)
is developed to calculate the differences between expected daylight performance and actual daylight
performance in relation to the floor plans. The new measure compare the illuminance, overlap
areas, and contrast which can be used to support active daylight control on targeted surfaces. In
this regard, the horizontal design and vertical control of EC building envelopes are better integrated
by using the instantaneous daylight measure.
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Chapter 8

Conclusions
This dissertation is a comprehensive study of design, integration and evaluation of IoT-based
EC building envelopes for visual comfort and energy efficiency. This chapter highlights the research
findings, contributions, and limitations, and provides recommendations for further investigation.

8.1

Restatement of Research Aims
As explained in the previous chapters, energy efficiency and visual comfort are among the

most critical topics for building sustainability. Studies on advanced building envelope materials
and technologies are essential for impelling fundamental changes in the ways people design, build
and experience future buildings. Based on an extensive multidisciplinary literature review, the
advantages are quite revealing in using IoT technologies to support data-informed smart control
of EC building envelopes. This study rises to the multidisciplinary research challenge of design,
integration and evaluation of EC buildings. A mixed-method research design is carried out through
case study, prototyping, simulation, and machine learning, and the findings are summarized in the
answers to the research questions as presented in the following section.

8.2

Summary of Findings
Q1. What are the current challenges of using electrochromic glazing for high-performance

building envelopes?
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• With 345 sample cases, the regional differences of EC adoption are presented and discussed.
EC building envelopes prove useful in various building types, including office, healthcare,
hospitality, cultural institution, airports, higher education and retail buildings.
• The case studies highlight the challenges architects face in design, simulation, and evaluation
of EC building envelopes. There is a paucity of compatible integrated tools for modeling and
analyzing the dynamic performance of EC.
• The climate adaptation and trade-off problems between visual comfort and energy efficiency
are overlooked in generic EC control strategies.
• The sensor-based EC control strategies suffer from a lack of inadequate research to determine
relationships between different climate variables and EC performance.
Q2. How to integrate IoT technology and EC glazing in building envelopes?
• The process of developing an IoT-based EC prototype system is demonstrated in great detail. Implementation issues and technical solutions are discussed to explore the possibilities
of scaling up IoT-based EC building envelopes and interoperability with other smart building
systems.
• The multi-criteria assessment of the IoT-based EC prototype system shows that the IoTEC unit provides more data-informed capabilities compared to the static glazing unit. These
results indicate that the IoT technologies support better measuring, controlling and evaluation
of EC building envelopes.
Q3. How does climate affect the visual comfort and energy efficiency of EC buildings in the U.S.
and what is the trade-off between the two performances?
• Results of energy simulations show that climate has a significant impacts on EC energy efficiency improvements (ranging from 1.39% to 36.85%). However, the climatic impact on
visual comfort performance is relatively lower (ranging from 1.05% to 11.07%) based on the
percentage differences.
• Despite the fact that comfort-energy trade-off ratios of EC buildings vary for different climate
zones, improvements on both visual comfort and energy efficiency can be achieved with proper
priority coefficients.
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Q4. How do climate variables affect the prediction accuracy of machine learning models for predictive
EC control under random weather conditions?
• Supervised machine learning models are trained and tested with simulation data and multiple time series of climate variables for the prediction of EC behavior under random weather
conditions.
• The importance of predictive variables is measured in each climate zone to determine which
variables are more correlated with effective EC prediction. It turns out the importance coefficients of solar radiation, outdoor temperature, and time-series variables are not constant in
different climates. The selection and use of sensors for measuring these variables should factor
in such climatic differences. These results contribute to a better understanding of sensorbased predictive control for IoT-based EC, which is critical for ensuring desirable EC building
performance under unknown weather conditions.
Q5. How to use IoT-based EC to support daylight design in architecture?
• A simulation study of 72 design alternatives is conducted to show the effect of two major design
factors, orientation and wall window ratio, on EC building performance. The results show that
energy use intensity is highly correlated with WWR, while spatial daylight autonomy is weakly
negatively correlated with WWR. For orientation, there is a week negative correlation with
energy use intensity and a possitive correlation with spatial daylight autonomy and mean
illuminance.
• The false-color images of daylight distributions on floor plans are analyzed for better understanding of the simulation-based EC building envelope design. The analysis shows that the
morphological characteristics of daylight on a floor plan are determined by a number of internal and external factors, including the environmental conditions, building envelope design and
control of EC patterns.

8.3

Contributions and Discussion

• Guidelines for Design In this study, the combination of performance-based design theory
and simulation process is presented alongside as a guide for showing how to design smart and
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sustainable IoT-based EC building envelopes. Designing EC building envelopes becomes an
iterative process: setting performance goals, generating design alternatives, developing tools
for EC simulation, running simulations, and evaluating performance. Scripts and simulation
workflows are developed for modeling the dynamic behaviors of EC in this research.
• Integration of IoT and EC Controlling EC building envelope systems is sophisticated.
This research demonstrates the integration process of an IoT-based EC prototype system,
including system design, installation, operation, and maintenance, providing valuable empirical
knowledge for the integration of IoT technologies and EC building envelopes.
• Machine Learning for EC Prediction By employing supervised machine learning algorithms and encoded simulation data, this study presents a set of climate-specific prediction
models with a high degree of accuracy. The importance of various environmental variables are
examined. The findings contribute to a better understanding of the effectiveness of EC control
strategies under random weather conditions.
• An instantaneous daylight measure is developed to calculate the differences between
expected daylight performance and instantaneous daylight performance in relation to the floor
plans. The new measure compares the illuminance, overlap areas, and contrast, which can
be used to support active daylight control on targeted surfaces using IoT-based EC building
envelopes.
• Theoretical Implication this research contributes to better understanding of the design,
integration and evaluation of EC building envelopes. Empirical evidence is provided for active
control of visual comfort and energy efficiency by integrating IoT technologies and EC glazing. The current research also indicates new possibilities for innovative integration with other
building environmental systems.

8.4

Limitations
Although this study represents a comprehensive investigation within the scope of the re-

search, several limitations need to be noted regarding the practical constraints.
• In the case studies, caution must be applied with the limited sample size. The EC adoption
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findings should be interpreted with caution. A major limitation of using secondary data from
the internet is such that it precludes EC projects that are not reported online.
• The IoT-based EC prototype system is used for short-term proof-of-concept demonstration,
and therefore is susceptible to threats of construct validity. The prototype system can be used
to show the presence of possibilities, but never show possible hidden problems, therefore is
usually considered limited for the possible sample bias [197]. The collected data can only be
regarded as a first screening of possible issues related to the IoT-based EC prototype system.
More experimental studies in different environmental conditions are needed to substantiate
the current study for long-term evaluation.
• For the prototype system, there are possible site-related issues that are not addressed in this
study. The shadows of the nearby buildings may affect the sensor-based daylight performance
results and become possible sources of error in evaluation of the two comparative units. The
scalability of the IoT-based EC system is limited without future full-size EC building envelope
research.
• In the simulation study, there is an arguable subjectivity in the definition of the insulation
level of construction materials, equipment efficiencies, occupant load, and schedules for the
setup of two building units. In order to explore the cross-climate patterns, the small office
building models in this study is constructed with the same configurations except for the glazing materials. The simulation performances depend on the control strategy of EC, building
configurations and historical weather file. Any variations related to the control strategy or
building configurations will alter the results. In real-world EC projects, the materials used
may not be representative in different climate zones, and the office building configurations
need to follow different regional construction codes [198], which will lead to differentiation
from our simulation results.
• The visual comfort performance and energy efficiency are assumed as the only two objectives
considered in the simulation study of IoT-based EC building envelopes. And the visual comfort
evaluation is based on illuminance measurements. A principal limitation of the quantitative
evaluation is the exclusion of the variance in users’ perception of visual comfort [199].
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8.5

Recommendations for Future Research
It is an exciting time for researchers in the field of high-performance building envelopes right

now, as new materials and technologies have changed the way people design, build, and interact
with buildings. Looking beyond the scope of this research, several interesting questions remain to
be investigated:
• Climate adaptation: The simulation and case studies are limited to selected cities and
climate zones in the U.S.. It would be a fruitful area for further work to consider random
sampling assignments in different climates around the world, and for all kinds of buildings.
• Simulation Tool and workflow Currently, is the major drawback. Separate simulation
engines are used for evaluation of energy and daylight, and the workflows for each simulation
software are different and difficult to construct. No existing software has integrated daylight
and energy simulation together and considered the compatibility of dynamic glazing like EC. It
would be interesting to explore innovative tools and workflows for the convergence of different
simulation analysis and muti-objective optimization with EC building envelopes.
• Interoperability: If the research topic of smart buildings is to be moved forward, a better
understanding of interoperability needs to be developed. EC building envelopes have confounding impacts on the occupants’ visual comfort and thermal comfort. It will be beneficial
to allow information exchange among different building subsystems, including EC building envelopes and active environmental systems such as Heating, Ventilation and Air Conditioning
(HVAC). With IoT-enabled inter-operable building subsystems, critical environmental data
can be shared to improve synergistic building performance, and to achieve higher energy efficiency than the different subsystems working on their own.
• Long-term influence: A further investigation is needed to assess the long-term influence
of IoT-based EC on human users in real-world scenarios. With growing control capabilities,
IoT-based EC systems give users more options to tailor their visual experiences, which may
have broader implications associated with the physical and mental health of the occupants.
It is recommended that future study be undertaken to assess the effectiveness and safety of
long-term use of IoT-based EC building envelopes with different control strategies.
• Multi-objective Optimization:

With continual advancement in environmental design
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and health research, another interesting area of future research of the IoT-based EC building
envelopes would be multi-objective optimization of building performance, including energy
efficiency, visual comfort, thermal comfort, and other human-centered design performances.
• Techno-economic analysis: This study focuses on the proof-of-concept demonstration using
a IoT-based EC prototype system, which is not expected to be techno-economically optimal.
Implementation challenges need to be addressed by future research in relation to the technical
and economical aspects of IoT-based EC building envelopes.
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Appendix A

Case Study Statistics
Table 1: Sample EC Case Study Projects Statistics

Building Type
Office Buildings
Healthcare

Hospitality
Cultural Institution
Airports

Hospitality
Hospitality
Healthcare
Hospitality
Higher Education
Office Buildings
Cultural Institution
Cultural Institution
Hospitality

Higher Education

Office Buildings
Cultural Institution
Retail
Airports
Hospitality
Office Buildings
Retail
Healthcare
Higher Education
Higher Education
Hospitality
Higher Education
Office Buildings
Office Buildings

Project Title
& Location
1K1 (USA)
Centre Hospitalier
Universitaire Vaudois
(Switzerland)
Lägern Hochwacht
Restaurant (Switzerland)
The Yard at Chicago
Shakespeare (USA)
IATA Executive
Office (Switzerland)
Hostellerie am
Schwarzsee
(Switzerland)
71Above (USA)
Fairview Ridges
Hospital (USA)
Esprit Sagan (France)
Ruselokka School
(Norway)
Powerhouse
Telemark (Norway)
Athenaeum (USA)
Mohammed Bin
Rashid Library (UAE)
Ashford Castle
(Ireland)
Central New Mexico
Community College
(USA)
Surber Metallbau
Headquarters (Switzerland)
Media Center
Confluence (France)
Modissa Fashion
Store (Switzerland)
Ronald Reagan
National Airport (USA)
Rooftop bar
Schiffbau (Switzerland)
NEST HiLo (Switzerland)
LIDL (GERMANY)
Butler County
Medical Center (USA)
Binghamton University
SUNY (USA)
YouthBuild Philadelphia
Charter School (USA)
Warwick Geneva
Hotel (Switzerland)
EPFL University
(Switzerland)
INTENCITY (FRANCE)
Carson Group (USA)

EC Area
ft²
15,209

Architect
Involved
Yes

Contractor
Involved
Yes

Year

Yes

Yes
Yes

Yes

Yes

Yes

3261

Yes

1620

Yes
Yes
Yes

4,681

Yes

5382

Yes

2020

Yes

Yes
3,100

Yes

860
5,005

Yes
Yes
Yes

2019

Yes

2019
Yes

10,404

2020
Yes
Yes

4,845

142

Yes
Yes

2020

Office Buildings
Healthcare
Cultural Institution
Higher Education

Hospitality

Higher Education
Airports
Office Buildings
Higher Education
Hospitality

Cultural Institution

Healthcare
Retail
Office Buildings
Hospitality
Higher Education
Office Buildings
Retail
Retail
Healthcare
Higher Education
Office Buildings
Healthcare
Office Buildings
Higher Education
Airports
Higher Education
Cultural Institution
Cultural Institution
Hospitality

Flims Electric (Switzerland)
Bellavista eye clinic
(Switzerland)
Museum of Science
(USA)
Lycée Sainte Catherine
(France)
Café Kube
Metropolitan
(France)
University Library
(France)
ST. Paul International Airport
(USA)
Otto Fuchs (Germany)
Bowie State University
(USA)
WAVES Beaulac Hotel
(Switzerland)
Cascade Meadow Wetlands
Environmental Science Center
(USA)
Mercy Orthopedic
Hospital (USA)
Serliana car hotel
(Switzerland)
Sammons Financial Group
(USA)
Dirty Habit Restaurant (USA)
IMP/BOEHRINGER
INGELHEIM (Austria)
Nestlé headquarters
(Switzerland)
SCHEELS (USA)
Mall of America (USA)
Medical & Therapeutical Centre
La Lignière (Switzerland)
North Central College (USA)
SISAG Campus (Switzerland)
Senior day center
Pavillon Butini (Switzerland)
Pennsylvania Housing
Finance Agency Headquarters
University of Colorado (USA)
Nashville International Airport
(USA)
NEST (SWITZERLAND)
Pavilion on the Lake
Tavares (USA)
Kimmel Center (USA)
Zum Äusseren Stand Restaurant
(Switzerland)
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3983

Yes

2020

Yes
Yes
Yes

Yes

Yes
18,352

2017

Yes

Yes
Yes

Yes

Yes

Yes

2018

Yes

Yes
Yes
33,010

Yes
Yes

1722

Yes

Yes
Yes
Yes
Yes

Yes

Yes
4500
13,933

Yes
Yes
Yes

11,000

Yes

16,838

Yes

2020

Yes
Yes

2020

Yes

936

Yes

Yes

Yes

Yes

Yes

2019

Appendix B

Simulation Results for 72 Parametric EC Building Models

Table 2: Statistics of Design Combinations of WWR and Orientation
Envelope ID

WWR%

Orientation(π)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

10
10
10
10
10
10
10
10
20
20
20
20
20
20
20
20
30
30
30
30
30
30
30
30
40
40
40
40
40
40
40
40
50
50
50
50
50
50
50
50
60
60
60
60
60
60
60
60
70
70

0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25

Site
EUI
68
67.3
63.8
62.7
62.9
65.1
59.6
60.4
61
59.1
54.7
52.8
52.7
56.5
51.5
51
54.2
52.5
48.9
46.7
46.7
50.4
47
46
49
47.8
45.1
43
43.2
46.4
44.2
43.3
45.1
44.4
42.4
41.2
41.2
43.5
42.2
41.5
42.7
42.1
40.8
39.9
40
41.7
40.9
40.3
41.2
40.8
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Energy
Saving
6.2
6.1
5.8
5.6
5.7
5.9
5.3
5.4
5.5
5.3
4.8
4.6
4.6
5
4.4
4.4
4.7
4.6
4.2
4
3.9
4.3
4
3.9
4.2
4.1
3.8
3.6
3.6
3.9
3.7
3.6
3.8
3.7
3.5
3.4
3.4
3.6
3.5
3.4
3.5
3.5
3.3
3.2
3.2
3.4
3.3
3.3
3.4
3.3

CO2

SDA

36
35.3
33.2
32.6
32.7
34
30.6
31.1
31.5
30.3
27.7
26.5
26.5
28.7
25.7
25.4
27.4
26.3
24.1
22.8
22.8
25
23
22.4
24.1
23.5
21.8
20.7
20.7
22.6
21.3
20.7
21.8
21.3
20.2
19.5
19.4
20.8
20
19.6
20.3
20
19.2
18
18.7
19.7
19.2
18.9
19.4
19.2

0.083
0.833
0.833
0.833
0.833
0.833
0.833
0.833
0.833
0.833
0.833
0.833
0.1667
0.833
0.833
0.1667
0.833
0.833
0.1667
0.1667
0.1667
0.0833
0.0833
0.1667
0.0833
0.1667
0.3333
0.4167
0.5
0.0833
0.25
0.3333
0.1667
0.25
0.5
0.5
0.5
0.25
0.3333
0.5
0.3333
0.4167
0.5
0.5
0.5
0.3333
0.5
0.5
0.5
0.5

Mean
Illuminance
78
108
185
290
360
103
193
283
150
235
432
612
690
238
237
596
228
361
635
879
1041
346
596
860
285
451
776
1055
1233
424
713
1031
330
545
912
1262
1438
509
834
1179
389
617
1077
1499
1710
575
1001
1430
457
698

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

70
70
70
70
70
70
80
80
80
80
80
80
80
80
90
90
90
90
90
90
90
90

0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75
0
0.25
0.5
0.75
1
-0.25
-0.5
-0.75

39.8
39.2
39.2
40.6
40.1
39.5
40.2
39.8
39
38.6
38.7
39.8
39.8
39
39.3
39
38.4
38.2
38.3
39.2
39.8
38.8
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3.2
3.2
3.2
3.3
3.2
3.2
3.3
3.2
3.1
3.1
3.1
3.2
3.2
3.1
3.2
3.1
3.1
3
3.1
3.1
3.2
3.1

18.6
18.2
18.2
19
18.8
18.4
18.8
18.6
18.1
17.9
17.9
18.5
18.6
18.1
18.3
18.1
17.7
17.6
17.7
18.2
18.6
18

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.6667
0.5833
0.5
0.5
0.5
0.5
0.5
0.5
0.75
0.75
0.5
0.5
0.6667

1262
1819
2029
649
1170
1715
515
761
1445
2112
2314
725
1350
2020
566
842
1599
2364
2594
787
1496
2257

Appendix C

Python Scripts For Implementation of the IoTbased EC Prototype System
Listing 1: Implementation of Simulation Database

import f i r e b a s e a d m i n
from f i r e b a s e a d m i n import c r e d e n t i a l s
from f i r e b a s e a d m i n import db
import pandas a s pd
import j s o n
# Fetch t h e s e r v i c e a c c o u n t key JSON f i l e c o n t e n t s
c r e d = c r e d e n t i a l s . C e r t i f i c a t e ( ’C: / U s e r s / Auth key . j s o n ’ )
# I n i t i a l i z e t h e app w i t h a s e r v i c e account , g r a n t i n g admin p r i v i l e g e s
f i r e b a s e a d m i n . i n i t i a l i z e a p p ( cred , {
’ databaseURL ’ : ’ h t t p s : / / q i n g q i n g l o t . f i r e b a s e i o . com/ ’ } )
r e f = db . r e f e r e n c e ( ’ ’ )
r e f . c h i l d ( ’ SimulatedData ’ ) . d e l e t e ( )
d f l i s t = {}
f o r i in range ( 5 ) :
f o r j in range ( 5 ) :
d f l i s t [ i ∗5+ j ] = pd . r e a d e x c e l ( r ’C: / U s e r s / S i m u l a t i o n d a t a . x l s x ’ )
print ( ’ f i l e r e a d f i n i s h e d \n ’ )
x = {}
n1 = ’ ’
n2 = ’ ’
# to loop through a l l simulation data
f o r i in range ( 8 7 6 0 ) :
d = i //24
h = i %24
i f ( not ( h >= 9 ) and ( h <=18)):
continue
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i f (d < 10):
d a t e = ’ 00 ’ + f ’ {d} ’
e l i f (d < 100):
d a t e = ’ 0 ’ + f ’ {d} ’
else :
d a t e = f ’ {d} ’
i f (h < 10):
hour = ’ 0 ’ + f ’ {h} ’
else :
hour = f ’ {h} ’
time = d a t e + ’ ’ + hour
temps = {}
f o r j in range ( 5 ) :
i f ( j == 0 ) :
n1 = ’M00 ’
e l i f ( j == 1 ) :
n1 = ’M05 ’
e l i f ( j == 2 ) :
n1 = ’M10 ’
e l i f ( j == 3 ) :
n1 = ’ P05 ’
else :
n1 = ’ P10 ’
l i g h t s = {}
T = str ( d f l i s t [ j ∗ 5 ] . at [ i , d f l i s t [ j ∗ 5 ] . keys ( ) [ 0 ] ] )
f o r k in range ( 5 ) :
i f ( k == 0 ) :
n2 = ’M10 ’
e l i f ( k == 1 ) :
n2 = ’M05 ’
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e l i f ( k == 2 ) :
n2 = ’M00 ’
e l i f ( k == 3 ) :
n2 = ’ P05 ’
else :
n2 = ’ P10 ’
d f = d f l i s t [ j ∗5+k ]
L = str ( df . at [ i , df . keys ( ) [ 1 ] ] )
e n e r g i e s = {}
l a b e l = df . keys ( ) [ 1 0 ]
Mode = d f . a t [ i , l a b e l ]
e n e r g i e s [ f ’ { l a b e l } ’ ] = s t r ( Mode )
l a b e l I = d f . k e y s ( ) [ 2 + int ( Mode ) ]
l a b e l E = d f . k e y s ( ) [ 6 + int ( Mode ) ]
e n e r g i e s [ ’ simulatedIlluminance ’ ] = str ( df . at [ i , l a b e l I ] )
e n e r g i e s [ ’ simulatedEnergy ’ ] = str ( df . at [ i , labelE ] )
e n e r g i e s [ ’L ’ ] = L
l i g h t s [ ’L ’+n2 ] = e n e r g i e s
l i g h t s [ ’T ’ ] = T
temps [ ’T ’+n1 ] = l i g h t s
x [ time ] = temps
SimulatedData = {}
SimulatedData [ ’ SimulatedData ’ ] = x
r e f . set ( SimulatedData )
Implementation of Control Strategy

Listing 2: Implementation of IoT Based EC Control
# g e t c o n t r o l s i g n a l from f i r e b a s e
def g e t c o n t r o l s i g n a l ( time , temperature , l i g h t ) :
d a t e r e f = S i m u l a t e d D a t a r e f . c h i l d ( time )
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snapshot t = d a t e r e f . get ()
d i f f t = {}
f o r key , v a l in s n a p s h o t t . i t e m s ( ) :
t = float ( temperature )
T = f l o a t ( v a l [ ’T ’ ] )
d i f f t [ key ] = abs (T−t )
k e y t = min( d i f f t . i t e m s ( ) , key=o p e r a t o r . i t e m g e t t e r ( 1 ) ) [ 0 ]
temp ref = d a t e r e f . child ( key t )
snapshot l = temp ref . get ()
d i f f l = {}
f o r key , v a l in s n a p s h o t l . i t e m s ( ) :
i f ( key [ 0 ] == ’L ’ ) :
l = float ( l i g h t )
L = f l o a t ( v a l [ ’L ’ ] )
d i f f l [ key ] = abs (L−l )
k e y l = min( d i f f l . i t e m s ( ) , key=o p e r a t o r . i t e m g e t t e r ( 1 ) ) [ 0 ]
Mode = t e m p r e f . c h i l d ( k e y l ) . c h i l d ( ’ Mode ’ ) . g e t ( )
return Mode
def switch down ( x ) :
f o r i in range ( x ) :
down . on ( )
sleep (0.5)
down . o f f ( )
sleep (0.5)
def s w i t c h u p ( x ) :
f o r i in range ( x ) :
up . on ( )
sleep (0.5)
up . o f f ( )
sleep (0.5)
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def s e t g l a s s m o d e ( Mode ) :
switch down ( 5 )
s w i t c h u p ( int ( Mode ) )
#−−−−−−−−−−−main l o o p −−−−−−−−−−−−−
while ready :
r = port . read (1024)
i f ( len ( r ) != 0 ) :
case = r e a d s e r i a l ( r )
x = d a t e t i m e . d a t e t i m e . now ( )
#h = x . s t r f t i m e (”%H”)
d = int ( x . s t r f t i m e ( ”%j ” ) )
h = x . hour
mth = x . month
ds = format ( d−1, ’ 03 ’ )
new hour = h
if ( isfirst ):
o l d h o u r = new hour
i s f i r s t = False
i f ( new hour > 8 and new hour < 1 9 ) :
i f ( o l d h o u r != new hour ) :

# 9am t o 6 pm
# Run once each h o u r s

key = u p d a t e f i r e b a s e ( )
i n f e = X. head ( 1 )
i n f e [ ’ Temperature ’ ] = o t
i n f e [ ’DNR ’ ] = int ( o l )
i n f e [ ’DHR ’ ] = int ( l l )
#Adding monthly c i r c l e s
i n f e [ ’ mnth sin ’ ] = np . s i n ( ( mth − 1 ) ∗ ( 2 . ∗ np . p i / 1 2 ) )
i n f e [ ’ mnth cos ’ ] = np . c o s ( ( mth − 1 ) ∗ ( 2 . ∗ np . p i / 1 2 ) )
#Adding h o u r l y c i r c l e s
i n f e [ ’ h r s i n ’ ] = np . s i n ( h ∗ ( 2 . ∗ np . p i / 2 4 ) )
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i n f e [ ’ h r c o s ’ ] = np . c o s ( h ∗ ( 2 . ∗ np . p i / 2 4 ) )
#s e t g l a s s m o d e ( G Mode )
ypred = model . p r e d i c t ( i n f e )
s e t g l a s s m o d e ( s t r ( ypred [ 0 ] ) )
o l d h o u r = new hour
print ( ” uploaded ” )
else :
i f ( o l d h o u r != new hour ) :

# Run once each h o u r s

G Mode = ” 0 ”
s e t g l a s s m o d e ( G Mode )
key = u p d a t e f i r e b a s e ( )
o l d h o u r = new hour
print ( ” uploaded ” )
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[26] Qudama Al-Yasiri and Márta Szabó. Incorporation of phase change materials into building
envelope for thermal comfort and energy saving: A comprehensive analysis. Journal of Building
engineering, 36:102122, 2021.
[27] Seyedehzahra Mirrahimi, Mohd Farid Mohamed, Lim Chin Haw, Nik Lukman Nik Ibrahim,
Wardah Fatimah Mohammad Yusoff, and Ardalan Aflaki. The effect of building envelope on
the thermal comfort and energy saving for high-rise buildings in hot–humid climate. Renewable
and Sustainable Energy Reviews, 53:1508–1519, 2016.
[28] Sinem Korkmaz, David Riley, and Michael Horman. Piloting evaluation metrics for sustainable
high-performance building project delivery. Journal of construction engineering and management, 136(8):877–885, 2010.

153

[29] EM Okba. Building envelope design as a passive cooling technique. In Proceedings from the,
volume 490. Citeseer, 2005.
[30] Rui Cheng, Xin Wang, and Yinping Zhang. Energy-efficient building envelopes with phasechange materials: new understanding and related research. Heat Transfer Engineering, 35(1112):970–984, 2014.
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